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I. INTRODUCTION 
Blue-green algae have existed In nature for millions of 
years and have adapted to a wide variety of habitats. In 
the past century, algal blooms have become a major factor in 
decreasing water quality and recreational value of lakes and 
impoundments, particularly in the midwestern United States. 
Algal populations are beneficial to wastewater lagoon 
performance (1). However, there has been growing recognition 
that the oxygen required by dense algal blooms, particularly 
as they decompose, adds to the biochemical oxygen demand 
(BOD) of incoming sewage, resulting in an ultimate effluent 
BOD which may be detrimental to receiving waters. Thus 
considerable research effort is being directed toward 
physical, mechanical, and chemical methods of removing excess 
algae before discharge of effluent (2). 
Although control of these nuisance blooms has become a 
major concern, little Information is available in the 
literature on methods for effectively combating the blooms. 
Nutritional studies have shown that phosphorus (3-7) and 
nitrogen (8-12) are limiting factors for the growth of algae. 
A preliminary report on 206 lakes assayed for the National 
Eutrophication Survey (13) showed 5755 of the lakes were 
phosphorus-limited, 37% nitrogen-limited, 1^ limited by some 
other element or toxicant, and for 5% the limiting nutrient 
was not conclusively determined. It has been shown that as 
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little as 0.015 mg P can sustain an algal bloom (l4). 
Because wastewaters and agricultural runoff are rich in 
phosphates, it is almost impossible to limit phosphorus 
levels sufficiently to control algal blooms. 
It has been suggested that in the presence of an abun­
dance of nitrogen and phosphorus, carbon dioxide may be a 
limiting factor in algal growth (15-19). This has become a 
controversial issue in the literature (4,6,7,16,20-28) and 
cannot be fully substantiated until more information becomes 
available on the complex interactions between algae and the 
chemical, physical, and biological aspects of their environ­
ment. Lange (24) has postulated the possible importance of 
bacteria associated with blue-green algae in providing 
carbon dioxide for algal photosynthesis. The increased 
concentration of CO^ made available by the bacteria may 
enhance the growth of algal blooms. 
Before effective control of these algal populations 
can be anticipated, a more thorough understanding of the 
factors involved in the stimulation of excessive growth must 
be achieved. The investigations to be reported in this 
dissertation were undertaken to attempt to elucidate the 
characteristics of the extracellular polysaccharide produced 
by the blue-green alga Anabaena spiroides. These studies 
were concentrated on structural elucidation of the hetero-
polysaccharide and its possible role in the symbiotic 
relationship between the algae and their associated bacteria. 
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II. LITERATURE REVIEW 
For many years investigators have monitored the amount 
of dissolved carbohydrate found In natural bodies of water 
(29). Mono- and dlsaccharldes have been isolated from lake 
(30,31) and marine (32) sediments. Walsh (33) examined 
21 bodies of water on Cape Cod and found the highest concen­
trations of dissolved carbohydrate in highly productive 
estuaries. He found that In deeper waters, concentrations 
of dissolved carbohydrate were higher near the surface than 
near the bottom. Walsh (34) and Collier (35) both found 
that concentrations of dissolved carbohydrate rose during the 
day and fell during the dark hours, suggesting that living 
organisms regulated the amount of dissolved carbohydrate in 
natural waters. 
Collier ( 3 6 )  found dissolved carbohydrate concentrations 
over the continental shelf of the Gulf of Mexico increased 
during blooms of the "red tide" (Gymnodinium breve). The 
highest concentrations were found in rivers, tidal streams, 
and marshes bordering estuaries, with carbohydrate concen­
trations decreasing i n a  seaward direction. Wangersky ( 3 7 )  
found that dissolved carbohydrate concentrations in waters 
of Long Island Sound increased during a spring diatom bloom. 
Duursma (38) reported concentrations of dissolved organic 
matter in the North Sea Increased some weeks after the start 
of a phytoplankton bloom. He proposed a relationship between 
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the formation of dissolved organic material and photo-
synthetic production. Phytoplankton may account for the 
presence of dissolved carbohydrate In natural waters since 
the highest concentrations of dissolved carbohydrate are 
found associated with algal blooms and In the natural 
habitats of phytoplankton. 
The literature contains only a limited amount of 
detailed Information about the carbohydrate content of fresh­
water blue-green algae (.Cyanophyceaei, In contrast, the 
polysaccharides of marine algae have been studied extensively 
because of their commercial Importance (39). Probably the 
first extensive work on freshwater algal polysaccharides was 
done by Fredrick (40). He Isolated a polysaccharide from 
Osclllatorla prlnceps which was determined to be a glycogen-
llke polymer. From a variant of Oscillatorla prInceps, he 
Isolated a polysaccharide that was similar to plant amylose 
(41). Other Investigators have Isolated and characterized 
polyglucosans from blue-green algae that are similar to 
amylopectln (42), shellfish glycogen (43), and phytoglycogen 
from sweet corn (44). Dudkln e^ aJ. (45) Isolated a glucan 
from the blue-green alga Microcystis aeruginosa that was 
found to consist of a-l,4-linked D-glucopyranose residues In 
the main chain with a-1,6-llnkages at points of branching. 
Several reports In the Russian literature describe the 
analyses of entire cell hydrolysates of several species of 
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blue-green algae (46-48). The most commonly found mono­
saccharides were galactose, glucose, mannose, xylose, 
rhamnose, arablnose, and uronlc acids. Less frequently 
found sugars were ribose, fucose, and amlnosugars. 
Mureln, which was once thought to be restricted to 
bacterial cell walls, was detected by Frank e^ aJ^. (49)» and 
later confirmed by others (50,51)» in the cell walls of 
blue-green algae. Mannose was found to be a major component 
of the cell wall polysaccharides of Anacystls nldulans 
(50,52), Phormldlum foveolarum (50), and TolypothrIx tenuis 
(50). The cell walls of Microcystis aeruglnosa (53)» 
Anabaena cyllndrica (54), and Anabaena variabilis (54) were 
found to contain hemicellulose and pectinlc polymers. 
The composition of the cell walls of heterocyst, spore, 
and vegetative cells of Anabaena cyllndrica was ejcamlned by 
Dunn and Wolk (55). The vegetative cell wall (18% carbo­
hydrate) consisted mainly of mannose, with smaller amounts 
of glucose, galactose, fucose, and xylose. The cell walls 
of the heterocyst (62% carbohydrate) and spore (4l# carbo­
hydrate) cells consisted mainly of glucose with smaller 
amounts of mannose, galactose, and xylose. Later work by 
Cardemll and Wolk (56) demonstrated that the envelopes of 
both the heterocyst and spore cells of Anabaena cyllndrica 
consist of a backbone of 0(l-+-3)-linked glucose and mannose 
units In a repeating sequence of Glu+Qlu+Glu+Man with 
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glucose, mannose, galactose, and xylose at terminal 
positions. Aphanlzomenon flos-aquae, Anabaena sp., Anabaéna 
variabilis Kuetz, and Anabaena cyllndrlca Lemm also exhibit 
a difference between the composition of their vegetative 
cell walls (acidic mucopolysaccharides) and heterocyst 
envelopes (neutral mucopolysaccharides) (57). 
Several Investigators have Isolated llpopolysaccharides 
from the cell walls o f  blue-green algae. Welse e;^ a J .  ( 5 8 )  
extracted a llpopolysaccharIde from the cell wall of 
Anacystls nldulans and found the carbohydrate portion was 
comprised mostly of mannose with smaller amounts of 
galactose, glucose, fucose, rhamnose, 2-keto-3-deoxyoctonate, 
glucosamine, and a 2-amlno-2-deoxyheptose. Weckesser e^ al. 
(59) Isolated a llpopolysaccharIde from Anabaena variabilis 
that contained rhamnose, acofrlose, mannose, glucose, and 
galactose. 
Payen ( 6 0 )  was the first to Isolate the mucilaginous 
sheath material from blue-green algae by extracting the 
whole algal cells with boiling water. A list, of blue-green 
algal species and the composition of their sheath material 
as reported In the literature Is presented In Table 1. The 
discrepancies In the composition of the sheath material 
of Anabaena cyllndrlca was attributed by Dunn and Wolk (55) 
to differences In methods of Isolation rather than to 
variations In the algal strains. 
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Table 1. Monosaccharide composition of the mucilaginous 
sheath of Cyanophy.ceae reported In the literature 
Alga Reference Monosaccharides 
Rlvularla bulla ta 
Calothrlx pulvlnata 
Nostoc commune 
Calothrlx scopulorum 
Nostoc commune 
Nostoc muscorum 
Anabaena cyllndrlca 
(60) 
(60) 
(60) 
(61) 
(42) 
( 6 2 )  
(63) 
arablnose, glucose 
galactose, glucose 
arablnose 
galactose, a pentose, 
HgSO^ 
galacturonlc acid, 
glucuronic acid, 
rhamnose, xylose, 
galactose, glucose, 
unknown sugar 
galactose, glucose, 
xylose, arablnose, 
rlbose, rhamnose, 
two unknown sugars 
glucose, xylose, 
galactose, rhamnose, 
arablnose, glucuronic 
acid 
Anabaena cyllndrlca (55) glucose, mannose, 
galactose, xylose, 
fucose 
Anacystls nldulans (64) glucose, galactose, 
mannose 
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It Is now well-established that certain green and 
blue-green algae excrete varying amounts of organic 
compounds into their surrounding environment. Publications 
on the liberation of extracellular organic products by 
algae have been reviewed by Fogg (65-67), Lafèvre (68), 
and Hellebust (69). These extracellular products include 
carbohydrates, nitrogenous substances, organic acids, 
lipids, phenolic substances, organic phosphates, volatile 
substances, enzymes, vitamins, sex factors, growth 
inhibitors and stimulators, and toxins. 
Bishop e;t al^. (63) isolated from the cell-free medium 
of Anabaena cylindrica a polysaccharide that was composed 
of glucose, xylose, glucuronic acid, galactose, rhamnose, 
and arabinose in a molar ratio of 5:4:4:1:1:1. This 
polysaccharide had the same composition as the cellular 
polysaccharides of Anabaena cylindrica cultures. They 
suggested that the mucilaginous material surrounding the 
algal filaments was sloughed off into the medium. Since 
that time, various extracellular polysaccharides have been 
isolated from cell-free media of green and blue-green algae. 
Table 2 lists the composition of these extracellular poly­
saccharides and the species from which they were isolated. 
The hydrolysates of capsular and water-soluble intracellular 
polysaccharides from Palmella mucosa Katz (71,75), Anabaena 
Table 2. Monosaccharide composition of extracellular polysaccharides from 
Chlorophyceae and Cyanophyceae reported in the literature 
Alga Reference Monosaccharides 
Chlamydomonas dysosmos 
C. moeviusii 
£. philotes 
C. acIdophlla 
C. applanata 
C. callosa(a) 
C. callosa(a) 
C. callosa(b) 
2» debaryana 
£. inflexa 
C. aff. inflexa 
C. mexicana 
C. parvula 
(70) galactose, arabinose 
(70) galactose, arabinose 
(70) galactose, arabinose 
(70) galactose, arabinose 
(70) galactose, arabinose, rhamnose 
(70) galactose, arabinose, xylose, fucose, rhamnose 
(70) galactose, arabinose, xylose, fucose, rhamnose 
(70) galactose, arabinose, fucose, ribose, 
uronic acid 
(70) galactose, arabinose, ribose, uronic acid 
(70) galactose, mannose, arabinose, xylose, fucose, 
ribose 
(70) galactose, mannose, arabinose, xylose, fucose, 
ribose 
(70) glucose, galactose, arabinose, fucose, ribose 
(70) galactose, arabinose 
vo 
Table 2. (Continued) 
Alga Reference 
C. pet erf 11 (70) 
Ç. sphagnophlla (70) 
Ç. ulvaënsls (70) 
Chlamydomonas sp. (70) 
Chlorosarcina consociata (70) 
Chlorosarcina sp. (70) 
Gloeocystls glgas (70) 
G. glgas (70) 
Chlamydomonas sp. (71) 
Nostoc sp. (71) 
Chlorella ellipsoIdea (71) 
C^. vulgaris (71) 
Palmella mucosa (71) 
Oocyst is sp. (71) 
Monosaccharides 
galactose, arablnose 
galactose, mannose, arablnose, xylose, rlbose, 
unknown sugars 
glucose, arablnose, xylose, unknown sugars 
galactose, arablnose 
galactose, arablnose, fucose, rlbose, 
unknown sugars 
galactose, arablnose, uronlc acid, unknown 
sugars 
galactose, arablnose, fucose, rlbose 
galactose, arablnose, rlbose 
glucose, xylose, fucose 
glucose, arablnose, fucose, uronlc acid 
glucose, arablnose, fucose, uronlc acid 
glucose, xylose, rhamnose, uronlc acid 
glucose, arablnose, fucose, uronlc acid 
galactose, arablnose, fucose, uronlc acid 
Table 2. (Continued) 
Alga Reference 
Chlorella sp. (71) 
Anabaena flos-aquae (71,72,73) 
Anabaena flos-aq^uae (74) 
Palmella mucosa (75) 
Anacystls nldulans (65) 
Anabaena cylindrica (64) 
Chlorella vulgaris (76) 
Chlamydomonas angulosa (77) 
C. chlamydogama (77) 
Ç. debaryana (77) 
Chlamydomonas sp. (77) 
Chlorella mlnlata (77) 
Mono sac c har id e s 
glucose, arabinose, rhamnose, uronlc acid 
glucose, xylose, ribose, uronlc acid 
glucose, galactose, mannose, arabinose, 
xylose, ribose, rhamnose, uronlc acid 
glucose, arabinose, fucose, uronlc acid 
glucose, galactose, mannose 
glucose, galactose, arabinose, xylose, 
rhamnose, uronlc acid 
galactose, mannose, arabinose, xylose, fuc 
ribose, rhamnose 
galactose, fucose, unknown sugars 
galactose, arabinose, xylose, fucose 
galactose, fucose, ribose, rhamnose, 
unknown sugars 
glucose, galactose, fucose, ribose, 
unknown sugars 
glucose, galactose, arabinose, fucose, ribo 
unknown sugars 
Table 2. (Continued) . 
Alga Reference Monosaccharides 
Chlorella pyrenoidosa (77) galactose, xylose, fucose, unknown sugars 
C. vulgaris (77) glucose, galactose, xylose, fucose, 
unknown sugars 
Scenedesmus obliquus (77) glucose, galactose, xylose, rhamnose, 
unknown sugars 
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flos-aquae (71) > and Anacystls nldulans (.64) yielded the 
same constituents as were found In their respective extra­
cellular polysaccharides. 
Moore and Tlscher (.72) found that was initially 
incorporated into the intracellular polysaccharides of 
Anabaena flos-aquae. The Intracellular polysaccharide 
subsequently diffused through the cell wall and became the 
capsular or sheath polysaccharide. The sheath poly­
saccharide was then sloughed off into the medium to create 
the extracellular polysaccharide. This sequence of events 
l4 
was proposed to satisfy the labelling results; the C 
first appears in the intracellular polysaccharides, then 
capsular polysaccharides, and finally in the extracellular 
polysaccharides, Tlscher and Moore (.75) obtained the 
same results in labelling studies carried out on Palmella 
mucosa Katz. Tlscher and Davis (78) suggested that the 
extracellular polysaccharides were nothing more than 
excretion of excessive carbohydrates from metobolic 
processes. Wang and Tlscher (.73) were able to separate 
the extracellular polysaccharide of Anabaena flos-aquae 
into a neutral and an acidic polysaccharide. The neutral 
polysaccharide (62%) was composed of glucose and xylose in 
the molar ratio 8:1. The acidic polysaccharide (38%) was 
composed of glucose, xylose, ribose, and uronlc acid in a 
molar ratio 6:1:1:10. 
14 
In their natural environments, blue-green algae are 
always found associated with bacteria. Recent research 
suggests that a symbiotic relationship may exist between 
these two prokaryotic taxa. Many investigators (66, 79-86) 
believe that the algae provide organic nutrients for the 
growth of heterotrophic bacteria. The bacteria in turn, 
may provide carbon dioxide and/or nutrients for the algae, 
since it has been shown that algal cultures grow better 
under bacterlzed t han under axenlc conditions ( 8 7 - 9 6 ) .  
Published observations and detailed literature reviews 
by Kuentzel (17) and Kerr (15) suggest that during vigorous 
algal growth in natural waters, atmospheric carbon dioxide 
may become a limiting factor because of its low solubility 
and diffusivity in water in the liquid state. 
Lange (18,19) found that addition of a carbon source, 
assimilable by bacteria, to axenlc blue-green algae and to 
mixed cultures of the algae and bacteria, led to enhanced 
growth only in the mixed cultures. Similar growth enhance­
ment was observed when the atmosphere of the cultures was 
enriched with 0.5% COg. With this augmented supply of 
atmospheric carbon dioxide, the enhancing effect of organic 
matter disappeared. In an extension of this study (97)» 
twenty-two aliphatic compounds, known to be assimilable by 
bacteria, were tested individually on twelve mixed algal-
bacterial cultures. In general, the aliphatic compounds had 
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a stimulating effect on the growth of the blue-green algae. 
It appeared that the growth effects were specific only for 
the associated bacteria. This suggests that a large Influx 
of organic matter, assimilable by bacteria, could lead to 
dense algal blooms in natural waters. 
Holm-Hansen (98) followed the growth of bacteria-
associated blue-green algae (with and without added sucrose) 
in light and complete darkness. The mixed algal-bacterial 
cultures (with and without sucrose) grown in the dark showed 
no additional growth. The mixed algal-bacterial cultures 
grown in the light with added sucrose showed twice the 
growth as cultures grown in the light without added sucrose. 
He attributed the Increased growth of the sucrose-fed 
cultures, in the light, to the photosynthetic use by the 
algae of carbon dioxide produced by the associated bacteria. 
Presumably, the sucrose-fed cultures in the dark did not 
respond to the carbon dioxide produced by the bacteria 
because photosynthesis was not occurring In the absence of 
light. 
Lange (99) examined the sheath material of blue-green 
algae by electron microscopy. Voluminous sheaths were found 
to be associated with vigorous algal growth. He found the 
sheath material of blue-green algae was not attacked by 
associated bacteria when other assimilable organic material 
was available. In the absence of a more suitable substrate. 
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the bacteria were found to utilize the less desirable 
gelatinous sheath, markedly reducing Its thickness and 
resulting In meager algal growth. 
Bauld and Brock (79)» using radioisotope studies, found 
that natural populations of Synechococcus lividus excreted 
3-12% of the total carbon fixed during photosynthesis and 
that bacterial assimilation of the algal extracellular 
products occurred. Jolley and Jones (100) found that a 
Plavobacterium sp., isolated from a culture of Navlcula 
muralls, took up radioactivity from labelled extracellular 
products produced by the diatom. Dialysable extracellular 
products of Navlcula muralis were also found to support the 
growth of the Flavobacterium sp. Bershova e;t al. (101) 
tested the effect of 12 algal species from the genera 
Microcystis, Anabaena, Nostoc, Calothrlx, and Phormidlum on 
40 satellite bacterial strains. The algae were found to 
Increase bacterial growth in 50% of the species tested. The 
cell-free media from algal cultures were found to have the 
same stimulatory growth effects on the bacteria as the actual 
presence of the algae in the bacterial cultures. 
Nalewajko et a^. (102) reported that release of extra­
cellular products from axenic Chlorella pyrenoldosa was 
linear with time, but mixed algal-bacterial cultures produced 
plateau-type curves. The initial extracellular release rates 
of axenic and mixed cultures were the same. This suggested 
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that bacterial assimilation of algal extracellular organic 
products was low Initially, allowing some accumulation, but 
subsequent rates of assimilation increased, resulting in 
little or no further accumulation. McPeters e;t al^, (103) 
found increased bacterial growth when the supernatant from 
Chlorella cultures was inoculated with coliform bacteria 
(E. coll, Salmonella, Enterobacter, Klebsiella, and a 
naturally isolated bacterial population). Radioactively-
labelled extracellular products, in the cell-free Chlorella 
medium, were found to be Incorporated into the different 
coliform bacteria. 
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III. MATERIALS AND METHODS 
A. Materials 
Axenic cultures of Anabaena spiroides .Klebahn were 
obtained from Dr. George Starr, University of Texas algal 
culture collection (UTEX-1552), Austin, Texas. Bacteria-
associated cultures of Anabaena spiroides were collected 
l4 from Don Williams Lake, Boone County, Iowa. C sodium 
bicarbonate was purchased from New England Nuclear. Silica 
gel 60 P-254 pre-coated thin-layer chromatography plates 
were purchased from E. Merck. All monosaccharides used as 
standards were obtained from Sigma Chemical Company. All 
pre-coated packings and liquid phase for gas chromatography 
columns were purchased from Applied Science Laboratories, 
Inc. Pre-swollen DEAE-cellulose (DE-52) was obtained from 
Whatman. Avicil mlcrocrystalline cellulose (I9 um average 
particle size) was purchased from Brinkman. Bio-Gel P2 was 
obtained from Bio-Rad Laboratories. All routine solvents 
and chemicals were reagent grade. 
B. Methods 
1. Collection of lake samples 
Twenty-liter samples of lake water were collected 
during periods of maximum blue-green algal density. Samples 
were collected in polyethylene containers at a depth of 
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0.5 - 1.0 meter and refrigerated during transport and 
storage. Processing of the lake samples was begun within 
12 hr of the collection time. 
2. Microscopic counts of algae 
Cell counts were performed by project personnel in the 
Department of Botany and Plant Pathology. Approximately 
25 ml of each lake water sample was treated with 0.2 ml of 
acid Lugol's solution. Algal counts were made using either 
a Palmer cell under a lOX objective lens or a Sedgwick-
Rafter cell under a lOX objective lens on a Zeiss phase 
contrast microscope with an ocular grid. Lyngbya Blrgei 
was counted by filtering a volume of sample through a 
0.45-ym membrane filter and counting filaments retained on 
the filter. Triplicate counts of twenty fields each were 
made on each sample. Counts of cells were expressed as 
number of cells ml"^ where practicable. Counts of fila­
mentous algae in which individual cells were not easily 
distinguishable were expressed as mm total filament length 
ml~^. Ideally, counts of Microcystis aeruginosa colonies 
should be expressed in three-dimensional terms. However, 
use of Palmer and Sedgwick-Rafter counting cells precludes 
measurement of volume. Therefore, counts were expressed as 
two-dimensional areas (mm ) covered by colonies. 
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3. Isolation of dissolved carbohydrate 
Algae and large particulates were removed from the 
lake samples (20 Z) by filtration through Cellte 503 
(J. T. Baker Chemical Co.) or processed In a Sharpies 
continuous centrifuge. The filtrate (or supernatant) was 
passed through Mllllpore filters of decreasing pore size 
(0.8, 0.45, and 0.22 ym) under nitrogen pressure (60 psl) 
to remove contaminating microorganisms. The filtrate was 
concentrated under reduced pressure at <40° to a volume of 
1.0 - 2.0 Z. The concentrate was dlalyzed against distilled 
water in a Bio-Fiber 50 Miniplant (Bio-Rad Laboratories) 
until the specific conductance was decreased to 40 ymhos 
cm~^. The dlalyzed solution was added to two volumes of 
cold acetone and refrigerated overnight. The flocculent 
precipitate was collected by centrlfugatlon, washed with 
acetone or absolute ethanol, and lyophillzed. 
4. Acid hydrolysis of samples 
A 50-mg sample of each isolated polysaccharide was 
hydrolyzed with 5 ml of 2N trlfluoroacetlc acid in a sealed 
glass ampoule at 121° for 90 min (104). The hydrolysate 
was evaporated to dryness ^  vacuo, redissolved in distilled 
water (5 ml), and passed through a 3" x 1/4" column of 
Mallinckrodt MB-3 ion exchange resin. The column was washed 
with 5 ml of distilled water; the washing was combined with 
the eluate and concentrated to 0.5 ml. The hydrolyzed 
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samples were examined by paper chromatography and gas-liquid 
chromatography for monosaccharide composition. 
5. Paper chromatography 
Whatman #1 chromatographic paper was used for both 
preparative and analytical descending paper chromatography. 
Two solvent systems were used: 
(A) ethyl acetate-pyridine-water, 8:3:1 (v/v), 
and 
(B) nitromethane-acetic acid-ethanol-water 
saturated with boric acid, 8:1:1:1 (v/v) 
(105). 
The paper (19 x 50 cm) was developed for 18 hr at room 
temperature and dried in a hood. 
Alkaline silver nitrate was used to detect reducing 
sugars (106). The chromatogram was first dipped into a 
silver nitrate solution (2.5 ml of saturated AgNO^ in 1 & of 
acetone) and allowed to dry. The chromatogram was then 
visualized by spraying with base (10 ml of 40% NaOH in 1 & 
of methanol). After dark spots appeared, the chromatogram 
was dipped into a fixer (240 g of Na2S20g'5H20, 25 g of 
NagSgOg, and 10 g of NagSO^ in 1 & of HgO) until the back­
ground turned white. The excess reagents were removed by 
passing running water over the chromatogram for 30 min. 
For the visualization of chromatograms irrigated in solvent 
system (B), the same silver nitrate procedure was used with 
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the exception that 0.5 M NaOH In 80% ethanol containing 
4% pentaerythrltol was substituted for the methanollc NaOH. 
This modification facilitates the detection of reducing 
sugars In the presence of boric acid (107)• 
Amino sugars were detected by spraying the developed 
chromatogram with nlnhydrln (0.3 g In 100 ml of 95% ethanol) 
and heating the chromatogram at 105° for 10 mln (108). 
Amino sugars gave a plnklsh-purple color. 
Preparative paper chromatograms were Irrigated with 
solvent system (A), guide strips were cut from both edges, 
and sprayed with ammonlcal silver nitrate to locate mono­
saccharide zones. The visualized guide strips were 
realigned with the unstained portion of the chromatogram, 
each individual zone containing monosaccharides was excised, 
and the monosaccharides were eluted with distilled water. 
The eluted monosaccharides were taken to dryness ^  vacuo. 
6. Thin-layer chromatography 
A slurry of Avicel mlcrocrystalllne cellulose (20 g in 
80 ml of distilled water) was stirred for 30 sec in a 
blender, and the plates were spread immediately (0.25-mm 
thickness). The plates were allowed to dry at room tempera­
ture. Thin-layer chromatography was carried out using 90% 
phenol-water as developing solvent (108). The mono­
saccharides were detected by spraying with aniline hydrogen 
phthalate (0.93 g of aniline, 1.66 g of phthallc acid, and 
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100 ml of water-saturated 1-butanol) (109) and heating the 
plates for 5 mln at 105°• 
Glucosamine and galactosamlne were separated by 
developing the thin-layer plates with pyrldlne-ethyl 
acetate-acetic acid-water, 36:36:7:21 (110). For good 
resolution, two ascents of the developing solvent were 
required. Amino sugars were visualized by spraying with 
nlnhydrln (108) and heating the plate for 5 mln at 105°. 
7. Gas chromatography of aldltol acetates 
A Packard 409 gas chromatograph equipped with tempera­
ture programming and dual flame-lonlzatlon detectors was 
used. Glass or stainless steel columns (6' x 1/8") were 
prepared with the following packings: 
(A) 0.75% HIEFP-IBP (dlethylene glycol succinate) 
0.25# EGSS-X (ethylene succlnate-methylslllcone 
copolymer), and 0.10% 144-B (phenyldlethanol-
amlne) on 100-120 mesh Gas-Chromosorb Q. 
(B) 3% EGNSS-M (ethylenesucclnate-cyanoethylslllcone 
copolymer) on 100-120 mesh Gas-Chromosorb Q. 
The gas chromatographic conditions for columns containing 
packing (A) were: 
Column temperature: initial 100°, final 200° 
Program rate: 10 mln at 180°, 1° mln ^ 
Detector cell temperature: 260° 
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Injector temperature: 230° 
Carrier gas flow: 40 ml of Ng min"^ 
Chromatographic conditions for columns with packing (B) 
were the same as for (A) except the column was run iso-
thermally at 200°. 
Inositol (2 mg) was added to 20 mg of the hydrolyzed 
polysaccharide samples as an internal standard. The mixture 
of inositol and polysaccharide was reduced and acetylated 
using the method of Albersheim (104). The polysaccharide 
was reduced with NaBH^j (30 mg) in 1 N NH^OH (1 ml). The 
solution was stirred for 2 hr at room temperature and the 
excess borohydride was decomposed by dropwise addition of 
glacial acetic acid until effervescence ceased. Contami­
nating borate was removed by codistillation with methanol 
(5x3 ml) in a rotary evaporator. The reduced samples 
usually were stored overnight in a desiccator to insure 
dryness. 
The reduced sample was placed in an ampoule with 1 ml 
of acetic anhydride, sealed, and heated for 3 hr at 121°. 
The acetylated sample was cooled, the acetic anhydride was 
removed by azeotropic distillation with toluene (5 ml), and 
the solution was evaporated to dryness. The polyacetylated 
alditols were dissolved in 0.2 ml of ethyl acetate, and 
l-yl aliquots were injected directly onto the gas chromato­
graphic columns. 
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Molar ratios of the monosaccharides present In the 
various polysaccharides (111) were measured with a Leeds 
and Northrup Speedomax W recorder equipped with a Disc Chart 
Integrator - Model 224 (Disc Instruments, Inc.). 
The response factor was determined for each aldose by 
repeating the alditol acetate procedure, including the 
hydrolysis step with known amounts of aldoses and comparing 
the weight to area ratio of the aldose to that of the 
internal standard (inositol). The response factor was 
calculated from the relation: 
R = (umoles s)(Area a) 
(ymoles a)(Area s) 
where s and a represent the internal standard and aldose, 
respectively. R represents the molar response factor. 
Response factors obtained in this manner are corrected for 
hydrolytlc losses. 
The individual aldose content of an unknown polysac­
charide can be calculated from the following relationship: 
8. Total carbohydrate analysis 
Total carbohydrate was determined using the orcinol-
sulfurlc acid method adapted for use on the Technicon Auto 
Analyzer (112,113). The orcinol-sulfuric acid (0.5 g 
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orclnol In 1 & of 70% v/v sulfuric acid) was stored In a 
dark bottle at 4°. Glucose was used as a standard. 
9. Culture medium 
Anabaena splroldes^ isolated from Don Williams Lake, 
Boone County, Iowa, was grown in the laboratory in modified 
Chu 10 growth medium containing 20 ml of soil extract 
(114). 
Nutrients Stock solution concentration 
(g/250 ml) 
10.00 
KgHPOy 2.50 
Mg80%.7H20 6.25 
Na2C0 g 5.00 
NagSiOg 6.25 
Citric acid 1.88 
Ferric citrate 1.88 
Soil extract was prepared by autoclavlng, for 20 min, 
1 & of distilled water containing 1000 g of soil (without 
fertilizer). The suspension was centrifuged and the 
supernatant poured into stock solution bottles and reauto-
claved for 15 min. The soil extract was stored at 4°. 
The culture medium was prepared by adding 1.5 ml of 
each stock solution to 1500 ml of distilled water in a 
Fernbach flask (2800 ml). To this was added 60 ml of the 
prepared soil extract. Sterilization was effected at 
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15 psi at 121° for 20 min. The sterilized medium was 
inoculated with 100 ml of a culture of Anabaena spiroides in 
logarithmic growth phase. 
Cultures of Anabaena spiroides were grown at 21° in a 
Percival growth chamber with a light-dark cycle of 18:6 hr. 
Average light intensity at culture level was 120 foot candles 
from a bank of cool, white fluorescent tubes. The cultures 
were agitated on a New Brunswick Model GIO gyrotory shaker 
at 100 rpm. Large scale cultures were harvested every 21 
days. 
Axenic cultures of Anabaena spiroides Klebahn (UTEX-
1552) were grown in 50 ml of Zehnder-Gorham number 11 
medium (115) in 125 ml Erlenmeyer flasks. 
Nutrients Concentration in medium 
(mg 
NaNOg 496.000 
KgHPO^ 39.000 
MgS0^«7H20 7 5 . 0 0 0  
CaClg'ZHgO 3 6 . 0 0 0  
NagCOg 2 0 . 0 0 0  
NagSiOg'SHgO 5 8 . 0 0 0  
Ferric citrate 6 . 0 0 0  
Citric acid 6 . 0 0 0  
EDTA 1 . 0 0 0  
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Nutrients Concentration In medium 
Microelements Qng 
HgPOg 0.200 
MnSO^'HgO 0.018 
ZnSO^'THgO 0.023 
(NHyigMo-Og^'WHgO 0.007 
CuSO^'SHgO 0.010 
CofNOgïg'ëHgO 0.012 
Cultures were grown at room temperature with continuous 
illumination provided by a cool, white fluorescent lamp 
(80 foot candles). Cultures were agitated on a New 
Brunswick gyrotory shaker Model G-25 at 100 rpm. 
Each flask was checked for bacterial contamination by 
streaking the algae on Tryptone. Glucose Extract Agar (Difco) 
plates. The agar plates were checked for bacterial growth 
every day for 1 wk. 
10. Monitoring of cell growth and extracellular poly­
saccharide production 
a. Determination of chlorophyll (ll6) Chlorophyll 
analyses were performed by project personnel in the Depart­
ment of Botany and Plant Pathology, A 5- or 10-ml sample 
of algal culture was filtered through a glass fiber filter 
(Gelman Type, A/E, Fisher Scientific Co.), and the fiber 
filter was stored in a desiccator at 0° in the dark until 
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processed. The filter was placed In a tissue grinder with 
1 ml of 90% acetone and 1 ml of saturated MgCO^ solution. 
The suspension was macerated for 1 mln and poured Into a 
centrifuge tube. The tissue grinder was rinsed with 2 ml 
of 90% acetone, and the washings were combined with the 
sample in the centrifuge tube. The tube was covered with 
Parafilm, and the sample was allowed to stand overnight at 
4° In the dark. The extract was clarified by centrifuglng 
for 20 mln at 500 x g. The optical density of the 
supernatant was determined at 750, 663, 645, and 630 nm. 
The absorbance at 750 nm served as a correction factor for 
turbidity and was subtracted from the absorbance at each 
wavelength to give the corrected value, e.g^., 663^ = 
663 nm - 750 nm reading). Chlorophyll a was determined 
using the equation: 
Chlorophyll a. mg/m^ = Ca x volume of extract (t) 
volume of sample (mr) 
where Ca = 11.64 (663^) ~ 2.16 (645^) + 0.1 (630^). 
b. Extracellular polysaccharide production Samples 
(10 ml) of the culture medium were withdrawn aseptlcally at 
2- to 3-day intervals in the growth cycle. Algal cells 
were removed by centrifugatlon, and total dissolved carbo­
hydrate in the supernatant was measured using the orclnol-
sulfurlc acid method (111,112) with glucose as a standard. 
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11. Isolation of Anabaena splroides polysaccharides 
a. Extracellular polysaccharide At the end of the 
growth period (21 days), the algal cultures were combined 
(18 H), and the algal cells were removed by centrifugation 
(Sharpies continuous centrifuge). The supernatant was 
filtered to remove any remaining algal cells and concentrated 
in vacuo (temp. <40°) to a volume of approximately 1 £. The 
concentrate was dialyzed against distilled water for 24 hr 
to remove inorganic nutrients. The dialyzate was deprotein-
ized by shaking with a mixture of chloroform-butanol, 5:1 
(117). Any precipitate formed at the interface of the 
solutions was removed. The aqueous phase was removed and 
treated with 2 volumes of cold acetone. The precipitate was 
collected by centrifugation, washed with acetone, and 
lyophilized. 
b. Sheath polysaccharide The algal cells were 
washed from the Sharpies continuous centrifuge, recentri-
fuged, and suspended in distilled water. The algal suspension 
was vigorously stirred or gently sonicated (Branson Model 
LST-5), as necessary, to dislodge the sheath material without 
rupturing the algal cells. The suspension was centrifuged 
and the supernatant was concentrated to 1/10 its volume and 
treated with equal volumes of 1% borate buffer and 10# 
Cetavlon (118). The precipitate formed was centrifuged, 
dissolved in 2N acetic acid,and reprecipitated with 
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2 volumes of cold acetone. The precipitated polysaccharide 
was washed with acetone and lyophilized. 
The crude sheath material was dissolved in distilled 
water and applied to a DEAE-cellulose column (2 x 25 cm) 
and eluted with 500 ml of water, 0.1 N NaHCOg, 0.1 N 
NaHCOg, 0.1 N NaOH, and 0.1 N HCL. Each fraction was 
concentrated, dialyzed, and poured into 2 volumes of 
acetone. Any precipitates formed were collected, washed, 
and lyophilized. 
c. Cell wall polysaccharides The algal cells were 
resuspended in distilled water and sonicated (Branson Model 
LST-50) to rupture the cells. Periodically, samples were 
examined microscopically to detect unbroken cells. The 
ruptured cells were centrifuged at 48,200 x g CBeckman Model 
J-21B Centrifuge) for 10 min to pellet the cell wall 
fraction. The cell wall material was processed by the 
method of Dunn and Wolk (55). The cell wall pellet was 
washed several times with distilled water, resuspended in 
1% sodium dodecyl sulfate solution, pelleted by centri-
fugation, and washed twice with 1 M NaCl and twice with 
water. The isolated cell wall material was then lyophilized. 
The cell wall material was fractionated using the 
procedure of Miyazaki and Naoi (119). The cell wall 
material (881 mg) was extracted with acetone and then with 
95% ethanol-ether (1:1, v/v) for 24 hr at room temperature. 
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Each time the mixture was centrifuged, the supernatant was 
evaporated to dryness. 
The dried, fat-free cell wall fraction was extracted 
twice with distilled water (300 ml) for 2 hr at 100°. 
After centrifugation, the supernatants were combined and 
concentrated to approximately 100 ml, followed by dialysis 
against distilled water for 24 hr. The dialyzate was 
poured into 2 volumes of cold acetone, and the resulting 
precipitate was collected by centrifugation, washed with 
acetone, and lyophilized. 
The cell wall residue remaining after extraction with 
hot water was extracted twice with 1 N KOH (300 ml) for 
2 hr at room temperature. After centrifugation, the 
supernatants were combined and neutralized with 1 M acetic 
acid. The solution was then dialyzed against distilled 
water for 24 hr. The dialyzate was concentrated to 100 ml 
in vacuo and poured into 2 volumes of acetone. The precipi­
tate was centrifuged, washed with acetone, and lyophilized. 
The residue from the alkali treatment was suspended in 
300 ml of 1 N KOH and was heated at 100° for 2 hr. The 
supernatant was treated as described above. The residue 
remaining after the four extraction steps, was washed with 
distilled water until free of KOH, washed with acetone, and 
lyophilized. 
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d. Intracellular polysaccharides The supernatant 
from the ruptured algal cells was treated with 10% 
trichloroacetic acid (1 volume) to remove proteins and 
nucleic acids (120). The solution was refrigerated over­
night. The precipitate which formed was removed by 
centrifugation. The supernatant was concentrated to 100 ml, 
dialyzed against distilled water, and poured into 2 volumes 
of acetone. The precipitate was washed with acetone and 
lyophilized. 
All the polysaccharides isolated from the sheath, 
intracellular, and cell wall fractions were hydrolyzed, 
reduced, acetylated, and examined by gas-liquid chromatog­
raphy for monosaccharide composition. Molar ratios of the 
components were calculated whenever possible. 
12. Culturing of bacteria associated with Anabaena 
spiroides 
Bacteria found associated with the sheath material of 
Anabaena spiroides were isolated and brought into culture 
by Valerie Cholvin (M.S. Thesis) (121). Five of the most 
dominant bacteria were grown in large culture for analyses 
of their polysaccharide composition. 
The bacterial cultures were grown for 2 days and then 
harvested. After centrifugation of the bacterial culture 
medium, the supernatant was dialyzed against distilled water 
for 24 hr, concentrated to 1/10 of its original volume, and 
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added to 2 volumes of cold acetone. Any precipitate which 
formed was collected, washed with acetone, and lyophilized. 
The bacterial pellet from centrifugation was washed with 
distilled water and acetone twice. The bacterial cells were 
then lyophilized. 
1 3 .  Purification of algal extracellular polysaccharide 
a. Cetavlon fractionation ( I I 8 )  The crude poly­
saccharide was dissolved in distilled water (<0.1% w/v) by 
stirring the mixture for several hours at room temperature. 
The solution was centrifuged to remove any undissolved 
particulate matter. The supernatant was treated with equal 
volumes of 10% cetyltrimethylammonlum bromide (Cetavlon) 
and 1% borate buffer (pH 8.5). The resulting precipitate 
was collected by centrifugation, washed with water, and 
dissolved in 2 N acetic acid. Any precipitate that did not 
dissolve was removed by centrifugation. The supernatant was 
poured into 2 volumes of acetone, and the precipitate was 
collected by centrifugation. The precipitate was washed 
with acetone and lyophilized. 
The pH of the Cetavlon-borate buffer supernatant was 
slowly raised by drop-wise addition of 10% NaOH until a 
precipitate formed. This precipitate was treated as above. 
The process was repeated until pH 12 was reached. The 
Cetavlon-borate buffer solution was then acidified to pH 4.5 
with glacial acetic acid, dialyzed against distilled water 
35 
for 24 hr, and poured Into 2 volumes of cold acetone. The 
precipitate which formed was washed with acetone and 
lyophilized. 
b. DEAE-cellulose column chromatography The DEAE-
cellulose (Whatman) columns were prepared as described by 
the manufacturer. The pre-swollen DEAE-cellulose was washed 
with water, 0.5 N NaOH, and then 0.5 N HCl. The slurry was 
added to open-end glass columns (A., 6.5 x 43.0 cm; 
B., 1.5 X 80 cm) and water was allowed to flow through the 
columns until the pH of the eluate reached neutrality. 
1) Preparative column chromatography The pH 
9-10 fraction of the extracellular polysaccharide which had 
been treated with Cetavlon (100-150 mg) was applied to the 
DEAE-cellulose column (A). Stepwise elution was carried 
out with HgO; 0.01 M, 0.05 M, and 0.1 M HaHCO^; 0.1 N NaOH; 
and 0.1 N HCl at a flow rate of 200 ml hr~^. Each fraction 
was concentrated, dialyzed overnight, and treated with 
2 volumes of acetone to precipitate any polysaccharide 
present. The precipitate was washed with acetone and 
lyophilized. 
2) Analytical column chromatography The crude 
extracellular polysaccharide (10 mg) was dissolved in 
distilled water, applied to the DEAE-cellulose column (B), 
and eluted with a gradient of NaHCO^ (0.0-0.1 M) at a flow 
rate of 1 ml min"^. Every 5th fraction (3 ml) was analyzed 
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for total carbohydrate using the orcinol-sulfurlc acid 
method (112,113). 
Ik. Fractionation techniques employed for the determination 
of homogeneity 
a. Absolute ethanol fractionation (122) Absolute 
ethyl alcohol was added to an aqueous solution of the extra­
cellular polysaccharide (0.05% w/v) until a precipitate 
formed. The precipitate was removed by centrifugatlon, and 
absolute ethanol was again added to the supernatant until 
precipitation occurred. This procedure was repeated until 
no further precipitate was obtained. Each precipitate was 
analyzed for monosaccharide composition. 
b. Cupric acetate fractionation (123) The extra­
cellular polysaccharide was dissolved in distilled water and 
reprecipitated by pouring the solution into two volumes of 
absolute ethyl alcohol.containing 10 ml of concentrated HCl 
and sufficient ice to keep the reaction at or below room 
temperature. The precipitate was washed with alcohol to 
remove the acid, then redissolved in distilled water. An 
aqueous solution of cupric acetate (7% w/v) was added drop-
wise to the polysaccharide solution until precipitation 
occurred. This precipitate was removed by centrifugatlon. 
Additional cupric acetate was added until a maximum concen­
tration of O.H% was reached. If no precipitate formed, 
portions of absolute ethyl alcohol were added; the 
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precipitate was removed by centrifugation after each 
addition. This procedure was repeated until no further pre­
cipitate formed. Each precipitate was treated to decompose 
the copper complex by twice macerating in a Waring Blendor 
with ethyl alcohol containing 5% concentrated HCl (v/v) for 
1 rain. The precipitates were washed with ethyl alcohol 
until the washings gave a negative test for chloride with a 
saturated aqueous solution of AgNO^. Each precipitate was 
hydrolyzed and its monosaccharide composition examined. 
c. Analytical ultracentrlfugation The extra­
cellular polysaccharide was dissolved in distilled water 
(0.03%), and the sedimentation pattern was observed at 
56,000 rpm using a Spinco Model E analytical ultracentrifuge 
equipped with a schlieren optical system. The extracellular 
polysaccharide appeared as a single sharp peak. 
1 5 .  Methylation analysis 
a. Haworth methylation (124) The extracellular 
polysaccharide (100 mg) was dissolved, under a nitrogen 
atmosphere, in 45% (w/v) NaOH (15 ml) containing 10 mg of 
NaBH^. The solution was cooled In an ice bath, and dimethyl 
sulfate (6 ml) was added with stirring over an 8 hr period. 
Stirring was continued for an additional 12 hr at room 
temperature. The reaction mixture was cooled in an ice bath 
and neutralized with 5 M HgSO^. The solution was dlalyzed 
against distilled water for 24 hr and then lyophilized. 
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b. Hakamorl methylatlon (125) Methylsulflnyl anion 
was prepared by adding 6.0 g of NaH (50%, coated with mineral 
oil) to a 250-ml two-necked flask containing a magnetic stir 
bar and fitted with a rubber serum cap. The NaH was washed 
3 times with 50-ml portions of n-pentane. The flask was 
stoppered, and the residual n-pentane was removed by 
evacuating the flask through a syringe needle attached to a 
vacuum pump. The glass stopper was replaced with an 
additional rubber serum cap. Nitrogen was passed continu­
ously through the flask via 2 syringe needles inserted 
through the serum caps. Dimethyl sulfoxide (60 ml, 
redistilled over CaHg under reduced pressure, and stored 
over molecular sieves) was injected with a hypodermic syringe 
through the serum cap into the flask. The solution was 
stirred at room temperature for 12 hr or until the solution 
was clear and green. The methylsulfinyl anion can be stored 
for several months if it is refrigerated. 
The product from the Haworth methylation was dried 
overnight at 60° ^  vacuo. The dried material was dissolved 
in 20 ml of dry dimethyl sulfoxide in a 100-ml three-necked 
flask containing a magnetic stir bar, 2 serum caps, and a 
cropping funnel. Nitrogen was continuously passed through 
the system. If the partially methylated polysaccharide did 
not dissolve, it was warmed or agitated in an ultrasonic 
bath for 30 min. Methylsulfinyl anion (20 ml) was added by 
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means of a syringe, and the reaction mixture was stirred 
at room temperature for 4 hr. After formation of the 
alkoxide, the flask was cooled in an ice bath at 20°, and 
20 ml of CHgl was added dropwise. The reaction mixture was 
stirred for an additional hour, and the solution was poured 
into 100 ml of water. The solution was dialyzed against 
distilled water for 2 days, concentrated, and lyophilized. 
The Hakomori methylation procedure was repeated to ensure 
that complete methylation had occurred. The completely 
methylated polysaccharide was extracted with chloroform 
from the dialyzate of the second methylation and evaporated 
to dryness ^  vacuo. 
c. Hydrolysis of methylated polysaccharide The 
fully methylated polysaccharide (20 mg) was dissolved in 
90% formic acid (5 ml) and sealed in a glass ampoule. The 
solution was heated for 3 hr at 100° and concentrated to 
dryness. The partially hydrolyzed sample was then heated 
in a sealed glass ampoule with 2N trifluoroacetic acid at 
121° for 3 hr. The hydrolyzed sample was evaporated to 
dryness ^  vacuo. 
d. Reduction and acetylation (104) The hydrolyzed 
methylated sugars (20 mg) were reduced with NaBH^ (30 mg) 
under alkaline conditions (5 ml of IN NH^OH). The mixture 
was stirred for 2 hr at room temperature, and the excess 
borohydride was destroyed by dropwise addition of glacial 
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acetic acid. Borate was removed by codistillation 5 times 
with 2 ml of methanol. The sample was stored overnight in 
a desiccator to ensure dryness. 
The partially methylated alditols (20 mg) were sealed 
in an ampoule with 4 ml of acetic anhydride and heated for 
3 hr at 121°. The acetic anhydride was removed by azeotropic 
distillation with toluene (5 ml). 
e. Thin-layer chromatography of methylated sugars 
Silica gel 60 P-254 pre-coated plates (0.25 ram, 5 x 20 cm) 
were developed with benzene-acetic acid (1:1) (126) to 
separate the partially methylated monosaccharides. The 
sugars were detected by spraying with 70% sulfuric acid and 
heating in an oven for 5 min at 100°. 2,3,4,6-Tetramethyl-
glucose was used as a standard. Preparative thin-layer 
chromatography was effected on 0.5 mm silica gel 60 P-254 
pre-coated plates (20 x 20 cm). Sugar regions were detected 
in the following way. After development of the plate in 
benzene-acetic acid, guide strips were cut from each side of 
the plate using a glass cutter. These strips were visualized 
by spraying with 70% sulfuric acid and heating the strips for 
5 min at 100°. The visualized strips were realigned with the 
thin-layer plate as guides for scraping the methylated sugar 
bands from the plates. The sugars were eluted from the 
silica gel with water. 
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f. Gas-llquld chromatography of O-acetyl-O-methyl 
aldltols (127) Gas-liquid chromatographic analyses of 
O-acetyl-O-methyl alditols were carried out under the 
conditions; gas flow rate of 40 ml Ng/mln on a glass column 
(6' X 1/8") containing 3% (w/w) of ECNSS-M on Gas Chromosorb 
Q (100-120 mesh), at 160°, and gas flow rate of 40 ml Ng/min 
on a glass column (6' x 1/8") containing 3% (w/w) Silicone 
OV-225 on Gas Chromosorb Q (100-120 mesh), at 110°. 
Retention values were reported relative to the mobility of 
1,5-di-O-acety1-2,3,4,6-tetra-O-methyl-D-gluclt ol. 
Combined gas chromatography-mass spectrometry was 
performed in a Plnnigan Model 4023 Instrument. Glass columns 
(6' X 1/8") containing 3% OV-1 on Gas-chrom Q (60-80 mesh) 
were used. The oven temperature was temperature programmed 
at 10° min"^ from 100-220°. The ion source was at 300°, and 
the scanning voltage was 70 eV. 
l6. Perlodate oxidation (128,129) 
Extracellular polysaccharide (50 mg) was treated with 
50 ml of 0.05 M NalO^ in the dark at 5°• A blank lacking 
the polysaccharide was also prepared. At Intervals up to 
200 hr, 1-ml allquots were removed and pipetted into a 50-ml 
flask. Immediately, 4 ml of 1.3 M NaHCOg, 2 ml of 0.1 N 
NaAsOg, and 0.2 ml of 20^ KI were added to the flask. 
Soluble starch (1^ w/v containing 0.5 M boric acid, 1 ml) 
was added as an indicator. After 15 min, the excess NaAsO^ 
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was titrated with a standard 0.05 N Ig solution. The blank 
was titrated by the same procedure to determine the 
spontaneous loss of periodate with time. 
Formic acid was determined by adding 0.2 ml of acid-
f^ree ethylene glycol to a 2-ml aliquot of the sodium 
perlodate-polysaccharide solution. Nitrogen was bubbled 
through the solution for 10 min prior to titration with 
0.001 M NaOH (COg-free). The solution was titrated to the 
phenolphthalein end point. The blank was titrated in the 
same manner. The difference in acidity between the blank 
and sample represents the formic acid liberated from the 
polysaccharide. 
After periodate oxidation, excess sodium meta-
periodate was decomposed by the addition of 1 ml of ethylene 
glycol. The reaction mixture was dialyzed against distilled 
water for 24 hr, the dlalyzate was concentrated to a small 
volume ^  vacuo, and the concentrate was reduced by stirring 
with 100 mg of NaBH^ at room temperature overnight. Excess 
borohydrlde was decomposed with glacial acetic acid. The 
mixture was dialyzed overnight and evaporated to dryness. 
The residue was hydrolyzed with 2N trifluoroacetic acid 
(5 ml) at 121° for 90 min. The solution was evaporated to 
dryness and examined by paper chromatography using ethyl 
acetate-pyrldlne-water (10:4:3). The sugars were reduced 
with sodium borohydrlde, acetylated, and examined by GLC 
using methods already discussed. 
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17. Partial add hydrolysis 
The extracellular polysaccharide (45 mg) was heated 
with 0.01 N (5 ml) at 100° for 1 hr. The solution was 
dialyzed against 250 ml of distilled water overnight, and 
the external solution of the hydrolysate was evaporated to 
dryness. The material that had passed through the dialysis 
bag was reduced with NaBH^, acetylated with acetic anhydride, 
and analyzed by gas chromatography. The internal solution 
from the dialysis bag was concentrated to dryness and then 
heated with 0.1 N HgSO^ (5 ml) at 100° for 1 hr. The 
hydrolysate was dialyzed against 250 ml of distilled water, 
and the material that passed through the dialysis bag was 
treated by the same procedure as described above. The 
internal solution was concentrated, heated with 0.5 N HgSO^ 
(5 ml) at 100° for 1 hr, and then dialyzed. The external 
solution was concentrated, reduced, acetylated, and examined 
by gas chromatography. The internal solution was concen­
trated and hydrolyzed with 2N trifluoroacetic acid for 90 
min. The hydrolysates were examined by gas chromatography. 
18. Fractionation of oligosaccharides 
The extracellular polysaccharide (20 mg) was hydrolyzed 
with 2 ml of 0.5 N trifluoroacetic acid at 100° for 30 min 
in a sealed ampoule. The hydrolysis was stopped by neutral­
ization of the solution with 10% NaOH. The neutralized 
solution was passed through a Bio-Gel P2 column, 400 mesh 
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(Blo-Rad Laboratories; 1.5 x 100 cm). The sample was eluted 
with distilled water (10 ml hr~^). Fractions of 1 ml were 
collected and tested for the presence of sugars with orcinol-
HgSOy (112,113). 
19. Analytical and physical measurements 
a. Optical activity The optical rotation of an 
aqueous solution of the extracellular polysaccharide 
(0.00174 g ml"^) was determined in a 1 dm cell at room 
temperature. The determinations were made with a Bausch and 
Lomb double grating monochromator. The optical rotation of 
the permethylated extracellular polysaccharide (0.042 g ml~^) 
was determined in a 1 cm cell with chloroform as the solvent. 
The readings were in angular degrees. 
b. Uronlc acid determination Uronic acid was 
determined on the intact extracellular polysaccharide by a 
modified carbazole reaction (130). Test tubes containing 
5 ml of HgSO^ reagent (0.025 M NagB^Oy'lOHgO in HgSO^) were 
fixed in racks and cooled with Dry Ice-acetone. Samples 
(1 ml) of the extracellular polysaccharide, a blank, and 
standards (glucuronic acid standards of 4-40 ygm ml~^ in 
distilled water saturated with benzoic acid) were carefully 
layered on the HgSO^ reagent in the tubes. The tubes were 
kept cool while the layers were mixed by shaking. The 
tubes were heated for 10 min in a water bath at 100°, then 
cooled to room temperature» and 0.2 ml of carbazole reagent 
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(0.125% carbazole In absolute ethanol; stored in the dark) 
was added. The solution was mixed, heated In a water bath at 
100° for 15 mln, and cooled to room temperature. Optical 
density was read at 530 nm on a Beckman DU spectrophotometer 
against a blank that contained glucose, xylose, arabinose, 
rhamnose, and fucose in a molar ratio of 2:2:1:1:1. 
c. Acetate and pyruvate determination (131) To 
detect acetate and pyruvate, the extracellular polysaccharide 
was isolated and purified as stated earlier, but with the 
deletion of the Cetavlon purification procedure. This was 
done to prevent hydrolysis of any acetate ester linkages 
and/or any pyruvate ketal linkages present. 
The extracellular polysaccharide was hydrolyzed with 
2N trifluoroacetic acid for 90 mln at 121°. The hydrolyzate 
was extracted with ether. The ether layer was dried with 
NagSO^ and concentrated to a small volume (ca. 0.5 ml). The 
concentrate was treated with 2% HCl methanol (2 ml) and 
2 drops of the methyl ester solution was added to 1 ml of 
0.5 N hydroxylamine hydrochloride. One drop of 10% ferric 
chloride was added to produce a magenta color, 
d. Reducing value determination Reducing values 
were measured by the alkaline ferricyanide-cyanide method 
with the Technicon AutoAnalyzer (132). Glucose was used as 
a standard. 
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e. Anionic charge determination Aldan Blue 
(Hartman-Leddon Co.), a catlonlc copper phthalocyanlne dye, 
complexes with anionic charges associated with algal polysac­
charides In aqueous solution to form an Insoluble precipitate 
(133). To a 1 ml solution of the extracellular polysaccharide 
(100 ug ml""^) was added 8 ml of 0.5 M acetic acid and 1 ml of 
Alclan Blue (1 mg ml~^ of 0.5 M acetic acid, pH 2.5) • A blank 
was prepared In the same manner, but 1 ml of distilled water 
was substituted for the polysaccharide solution. The tubes 
were allowed to stand several hours and then were centrlfuged 
at 27,000 X g. Absorbance was read at 6IO nm. The 
difference between the blank and the sample was taken as 
proportional to the polyanlon concentration. 
f. Ash determination Ashing of the crude extra­
cellular polysaccharide was carried out In a muffle furnace 
at 500° for 4 hr. The samples were placed In a desiccator to 
cool and were weighed. All samples were run in triplicate. 
The ash content of the purified extracellular polysaccharide 
was determined by Galbralth Laboratories, Inc. 
g. Infrared spectra (134,135) Infrared analysis 
of the extracellular polysaccharide was done as a KBr pellet. 
The methylated extracellular polysaccharide was analyzed as 
a 5% solution in CCl^. All spectra were obtained with either 
a Beckman IR4250 or IR-I8A instrument. 
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h. PMR studies (126,136) The PMR spectra were 
obtained with a Varian HA-100 spectrometer (100 mHz). In 
some cases, a Nicolet 535 Signal Averager was used in 
conjunction with the HA-100 instrument. Chemical shifts 
were reported as ppm (6 scale) from tetramethylsilane (TMS, 
internal standard). The PMR spectra of the permethylated 
extracellular polysaccharide (ça. 50 rag ml""^) was obtained 
in CDClg. 
i. Film formation (137) A film of the poly­
saccharide was obtained by casting a thin sheet of an 
aqueous solution of the extracellular polysaccharide 
(0.2% w/v) on a glass plate and allowing the film to dry 
at room temperature. The film was examined for flexibility. 
20. Viscosity measurements 
Viscosity measurements were made with a Stormer 
viscometer at room temperature. The time required for 50 
revolutions was measured with a stop watch, unless otherwise 
indicated. Dispersions for viscosity-concentration curves 
were prepared by volumetric, serial dilution. Salt effects 
were observed by incremental addition of small amounts of 
solid NaCl to homogeneous, completely dispersed solutions 
of the polysaccharide. Viscosity-temperature effects were 
observed by submerging the spindle cup in a water bath 
that was regulated between 4° and 80° with a Variac. The 
temperature was measured with a thermometer placed in the 
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polysaccharide solution. The pH was adjusted with 10% NaOH 
and 10% HCl and measured with a pH meter for pH-viscosity 
measurements. Standard oils of known viscosity were used to 
calibrate the Stormer viscometer. 
l4 21. C labeled extracellular polysaccharide 
Radioactive extracellular polysaccharide was obtained 
by growing Anabaena spiroides in Modified Chu 10 medium 
l4 
enriched with NaH COg. The culture conditions were the 
same as those described previously. On the 15th day of 
culture growth, 10 yCi (100 yg) of NaH^^CO^ (New England 
Nuclear Corp.) in 1 ml of sterile water (pH 9.5) was added 
to each Pernbach flask. The addition of 10 yCi of NaH^^CO^ 
was repeated each day until a total of 40 yCi of NaH^^CO^ 
had been added to each Pernbach flask. On the 21st day 
the cultures were harvested and the extracellular poly­
saccharide was isolated and purified as described earlier. 
Radioactivity was determined using a Beckman LS-IOOC 
liquid scintillation system (Beckman Instruments). The 
radioactivity of the extracellular polysaccharide was 
determined by dissolving 0.4 mg of the extracellular poly­
saccharide in 5 ml of distilled water and adding 0.5 ml of 
TM this solution to 10 ml of Ready-solv solution VI (Beckman) 
scintillation fluid. The scintillation cocktail contained 
the following: 
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8 g butyl PBD - 2-(4'-t-butyl-phenyl)-5-(4'-blphenyl)-
1,3,4-oxadiazole, 
0.5 g PBBO - 2-(il'-biphenyl)-6-phenylbenzoxazole, 
100 ml BBS-3 (Beckman solubillzer, and 900 ml of toluene. 
Efficiency was determined by the internal-standardization 
method (138). 
22. Bacterial uptake of labeled extracellular poly­
saccharide 
Minimal media (40 ml) for both 1-2 and Z-5 bacteria 
(121) were prepared. The ^^C-labeled extracellular poly­
saccharide of Anabaena spiroides (60 mg; ave. 0.1 yCi mg~^) 
was added to each medium. The media were sterilized by 
Tyndallization (139). The media were heated for 20 min at 
80° three successive times at 24 hr intervals. Filter-
sterilized (0.22 ym Milliprefilter) amino acids and vitamins 
(121) were added to each medium. Each medium was inoculated 
with 1 ml of the respective bacteria, Z-2 and Z-5. Air was 
bubbled through a COg trap (400 ml of 15% kOH), passed 
through a sterilized cotton filter, and filtered through a 
sterile 0.22 ym Millipore filter. The sterile and carbon 
dioxide-free air was bubbled through both bacterial cultures 
and then through ethanolamine COg traps. The ethanolamine 
(10 ml) in the COg traps was changed every 12 hr. One-ml 
samples of the ethanolamine were added to 2 ml of methyl-
cellosolve(ethyleneglycol monomethylether) in 10 ml of 
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TM l4 Ready-solv solution VI and the C-activity was determined.. 
The cultures were allowed to grow for 72 hr. 
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IV. RESULTS AND DISCUSSION 
A. Naturally Occurring Dissolved Carbohydrates 
A survey (see Table 3) of central Iowa lakes, ponds and 
sloughs during the summers of 1972 and 1974 Indicated that 
the most common blue-green algal dominants were Anabaena 
spiroides, Aphanlzomenon flos-aquae, and Microcystis 
aeruginosa. Occasionally, large populations of Lyngbya 
Birgei, Anabaena clrclnalls, Oscillatoria sp., Mlcrocoleus 
vaginatus, Oscillatoria rubescens, Anabaena affinis, 
Anabaena planctonica, and Coccochlorls stagnina were dominant 
in individual bodies of water. 
Lake water samples were collected from each bloom site 
during periods of maximum algal density, and the dissolved 
carbohydrate was isolated. The dissolved carbohydrate 
samples were hydrolyzed, and their monosaccharide composition 
was determined using paper chromatography, thin-layer 
chromatography, and gas chromatography. In general, the same 
eight monosaccharides were found (galactose, glucose, 
mannose, arabinose, xylose, fucose, ribose and rhamnose). 
The monosaccharides were analyzed by descending paper 
chromatography and compared to Rgi^cose values of mono­
saccharide standards (see Table 4). Solvent system (A) 
would not distinguish between fucose and xylose (^g^ucose 
1.75). The xylose and/or fucose was eluted from preparative 
Table 3- Bloom species of planktonic blue-green algae collected from Iowa lakes, 
1972 and 1974, and their maximum density 
Lake County Year Dominant Alga Maximum Density 
(counts ml~^)^ 
Cornelia Wright 1972 Anabaena circinalis not counted 
Cornelia Wright 1974 Lyngbya Birgei 12, 6 5 0  filaments 
Corey's Pond Dickinson 1972 Anabaena spiroides not counted 
East Okoboji Dickinson 1972 Aphanizomenon flos-aquae not counted 
East Okoboji Dickinson 1974 Aphanizomenon flos-aquae 317 ,740 filaments 
Microcystis aeruginosa 32. 5 mm^ 
Hickory Grove Story 1972 Aphanizomenon flos-aquae not counted 
High Emmet 1974 Oscillatoria spp. 6 0 ,  000 filaments 
Ingham Emmet 1974 Oscillatoria spp. 95, 000 filaments 
Ames Izaak Walton Story 1972 Microcoleus vaginatus 69, 317 filaments 
Laverne Story 1974 Anabaena spp. 854 , 8 3 9  cells 
Little Wall Hamilton 1972 Anabaena spiroides not counted 
Little Wall Hamilton 1974 Microcystis aeruginosa 8 2 .  5 mm^ 
Little Wall Hamilton 1974 Anabaena spiroides 274 ,100 cells 
Lower Gar Dickinson 1974 Aphanizomenon flos-aquae 221 ,000 filaments 
Morse Wright 1972 Nostocaceae not counted 
^Microscopic counts of algae were determined as described under Materials 
and Methods. 
Table 3» (Continued) 
Lake County Year Dominant Alga Maximum Density 
(counts ml~^)^ 
Upper Pine 
Silver 
Spirit 
Turkey Pond 
Hardin 
Dickinson 
Dickinson 
1974 
1972 
1974 
Hamilton 1974 
Microcystis aeruginosa 
Aphanlzomenon flos-aquae 
Anabaena sp. 
Aphanlzomenon flos-aquae 
Anabaena affinis 
1.5 mm 
not counted 
184,000 cells 
32,260 filaments 
726,000 cells 
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Table 4. values of standard sugars for solvent systems A 
and 
Monosaccharide Solvent Solvent B° 
R d p d 
glucose glucose 
Galactose 0.83 1.33 
Glucose 1.00 1.00 
Mannose 1.23 1.17 
Arablnose 1.43 1.79 
Xylose 1.75 2.04 
Fucose 1.75 2.42 
Rlbose 2.24 3.29 
Rhamnose 2.48 2.75 
^Values were obtained with descending paper 
chromatography. 
^Ethyl acetate-pyrldlne-water, 8:3:1. 
°Nltromethane-acetlc acld-ethanol-water saturated with 
boric acid, 8:1:1:1. 
^These values are the averages for several 
chromâtograms. 
paper chromatograms and Identified by thin-layer chroma­
tography. The values for xylose and fucose standards and 
their color reactions with aniline hydrogen phthalate are 
given In Table 5. 
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Table 5» values and color reactions of fucose and xylose 
standards^ 
Monosaccharide Solvent,^ Color Reaction^ 
Fucose 0.58 Yellow 
Xylose 0.36 Pink 
^Values obtained with thin-layer chromatography. 
^Phenol-water (saturated). 
°These values are the averages for several 
chromatograms. 
^Aniline hydrogen phthalate spray reagent. 
The hydrolyzed dissolved carbohydrate samples were also 
examined by gas chromatography in the form of their poly-
acetylated alditols. Retention times were compared to 
retention times of acetylated alditol standards. The 
retention times were reported relative to the internal 
standard, inositol hexaacetate (see Table 6). 
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Table 6. Retention times of reduced and acetylated 
monosaccharide standards relative to inositol 
hexaacetate^ 
Monosaccharide Relative Retention Time 
Column Column B° 
Rhamnose 0.16 0.28 
Pucose 0.18 0.31 
Ribose 0.23 0.39 
Arabinose 0.25 0.43 
Xylose 0.34 0.52 
Mannose 0.63 0.77 
Galactose 0.73 0.89 
Glucose 0.83 0.90 
Inositol 1.00 1.00 
^Values obtained by gas chromatography. 
^3% ECNSS-M. 
°0.75% HiEPF-lBP, 0.25% EGSS-X, and 0.1% 144-B. 
The monosaccharide composition of the dissolved carbo­
hydrate samples is presented in Table 7. In order to show 
that a direct relationship exists between the dominant alga 
in a bloom and the monosaccharide composition of the 
dissolved carbohydrate associated with the bloom, it must 
first be shown that the monosaccharide composition of the 
Table 7. Monosaccharide components of dissolved carbohydrate Isolated from Iowa 
lake water during blue-green algal blooms 
Total 
Monosaccharides Carbohydrate 
Lake Source Collection Dominant Alga Gal Glu Man Ara Xyl Puc Rib Rham mg 
Date 
Cornelia 7/20/72 Anabaena circinalls X X X X X X X 10. 2 
Cornelia 8/9/72 Anabaena circinalls X X X X X X X 1. 0 
Cornelia 6/5/74 Lyngbya Blrgei X X X X X X X X 2. 2 
Cornelia 8/20/74 Lyngbya Blrgei X X X X X X X X 13. 0 
Cory's Pond 6/24/72 Anabaena splroldes X X X X X X X X 5. 8 
East Okobojl 6/24/72 Aphanlzomenon flos-
aquae 
X X X X X X 1. 2 
East Okobojl 7/19/74 Aphanlzomenon flos-
aquae; 
Microcystis 
aeruginosa 
X X X X X X X 5. 1 
Hickory Grove 8/3/72 Aphanlzomenon flos-
aquae 
X X X X X X — — 
High 7/19/74 Oscillatoria spp. X X X X X X X 6. 7 
^Gal (galactose). Glu (glucose), Man (mannose). Ara Carablnosel Xyl Cxylose), 
Fuc (fucose). Rib (rlbose), and Rham (rhamnose). 
^Not enough sample remained for total carbohydrate analysis» 
Table 7- (Continued) 
Lake Source Collection Dominant Alga 
Date 
Ingham 
Ames Izaak 
Walton 
Laverne 
Laverne 
Little Wall 
Little Wall 
Little Wall 
Little Wall 
Lower Gar 
Morse 
Upper Pine 
Silver 
Spirit 
7/19/74 Oscillatoria spp. 
Microcoleus 
8 / 2 1 / 7 2  vaginatus 
7 / 8 / 7 4  Anabaena spp. 
7/15/74 Anabaena spp. 
9 / 8 / 7 2  Anabaena spiroides 
6/21/74 Microcystis 
aeruginosa 
7 / 8 / 7 4  Anabaena spiroides 
8/5/74 Anabaena spiroides 
8 / 2 6 / 7 4  Aphanizomenon flos-
aquae 
7/5/72 Nostocaceae 
10/7/74 Microcystis 
aeruginosa 
6/24/ 7 2  Aphanizomenon flos-
aquae 
7/19/74 Anabaena sp.; 
Aphanizomenon 
flos-aquae 
Total 
Monosaccharides Carbohydrate 
Gal Glu Man Ara Xyl Puc Rib Rham mg 
X X X X 5.2 
X X X X X X X 6 . 5  
X X X X X X X X 6 . 0  
X X X X X X X X 6 . 0  
X X X X X X X 8 . 5  
X X X X X X X X 0. 6  
X X X X X X X — — — 
X X X X X X X 0.4 
X X X X X X 
X X X X X X 1 . 3  
X X X X X X X X 3 . 2  
X X X X X X 1 . 6  
X X X X X X X X 1 . 7  
VJl 
00 
Table 7- (Continued) 
Total 
Monosaccharides Carbohydrate 
Lake Source Collection Dominant Alga Gal Glu Man Ara Xyl Fuc Rib Rham mg Si~^ 
Date 
Turkey Pond 7/16/74 Anabaena affinls XXXXXX X 2.3 
#1 
Turkey Pond 7/26/74 Anabaena affinls XXXXXX X 0.2 
#2 
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dissolved carbohydrate remains constant over an extended 
time period during the bloom. Selected lakes were examined 
at various time periods during a single algal bloom (see 
Table ?)• Two lake samples from Lake Laverne (Anabaena spp., 
1974) were collected one week apart. Both lake samples 
contained galactose, glucose, mannose, arabinose, xylose, 
fucose, ribose and rhamnose. When lake samples were 
0 
collected 3 weeks ^part during a bloom of Anabaena circinalis 
(Lake Cornelia, 1972), the monosaccharide composition of the 
dissolved carbohydrate remained constant (galactose, glucose, 
mannose, arabinose, xylose, fucose and rhamnose). Lake 
samples from Little Wall Lake (Anabaena spiroides, 1974) and 
Lake Cornelia (Lyngbya Birgei, 197^) were collected a month 
and two and one-half months apart, respectively. In both 
cases, no change was observed in the composition of the 
dissolved carbohydrate found at each bloom site. These 
results indicated that, during a unialgal bloom, the compo­
sition of the dissolved carbohydrate remains constant, even 
for periods of up to two and one-half months. 
The composition of the dissolved carbohydrate is 
altered, however, if there is a succession in the dominant 
alga. For example, a bloom of Microcystis aeruginosa 
appeared in Little Wall Lake in June of 1974. The dissolved 
carbohydrate from the bloom site was composed of galactose, 
glucose, mannose, arabinose, xylose, fucose, ribose and 
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rharanose. In early July, the Microcystis aeruginosa bloom 
declined, and Anabaena splroldes assumed dominance. The 
composition of the dissolved carbohydrate also underwent a 
change in composition. Ribose was no longer found to be a 
component of the dissolved carbohydrate (see Table 7). 
A comparison was made of the composition of the 
dissolved carbohydrate during blooms of an alga found in 
different lakes or in the same lake but in different years. 
Both Turkey Pond #1 and Turkey Pond #2 contained a bloom of 
Anabaena affinls in 1974. The dissolved carbohydrates from 
both bodies of water were found to contain galactose, 
glucose, mannose, arabinose, xylose, fucose and rhamnose. 
A bloom of Microcystis aeruginosa appeared in both Upper 
Pine and Little Wall Lake in 1974. The monosaccharide 
composition of the dissolved carbohydrates, isolated from 
each bloom site, was identical, A bloom of Osclllatoria spp. 
appeared simultaneously in High and Ingham Lakes, The 
monosaccharide composition (galactose, glucose, mannose, 
arabinose, xylose, fucose and rhamnose) of the dissolved 
carbohydrates was the same for both lakes. A bloom of 
Anabaena splroldes appeared in 1972 and again in 1974 in 
Little Wall Lake. The monosaccharide composition of the 
dissolved carbohydrate from both lake samples was the same, 
Aphanlzomenon flos-aquae, one of the most frequently 
found bloom algae in Iowa, provided the best correlation 
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between an algal bloom and the composition of its associated 
dissolved carbohydrate, Unialgal blooms of Aphanizomenon 
flos-aquae appeared in Silver, East Okoboji, and Hickory 
Grove Lakes in 1972 and in Lower Gar Lake in 197^. In each 
case, the dissolved carbohydrate was found to contain 
galactose, glucose, mannose, xylose, fucose and rhamnose. 
These results show there is a direct relationship 
between blooms of specific algae and the dissolved carbo­
hydrates found in their surrounding waters. The most 
probable source of the dissolved carbohydrate is the sheath 
and extracellular polysaccharides produced by blue-green 
algae. In order to prove this relationship, natural algal 
blooms were brought into laboratory culture and their 
sheath and extracellular polysaccharides were examined. 
The composition of these polysaccharides then could be 
directly compared to the composition of the dissolved carbo­
hydrate associated with natural blooms of the blue-green 
algae. 
The concentrations of dissolved carbohydrate found 
during algal blooms are presented in Table 7. The concen­
tration of dissolved carbohydrate present in lake waters 
during algal blooms ranged from 0.2 mg to 13 mg 
Concentrations of dissolved carbohydrate in natural waters 
ranging from 0.0 to 35.8 mg have been reported in the 
literature (29), but most concentrations reported are between 
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0 and 3 mg Our results are in good agreement with 
these values; however, two factors prevent a direct compari­
son between published values and those reported in Table 7. 
The values reported in Table 7 are isolated polysaccharide 
concentrations J whereas the literature values are total 
carbohydrate found in the natural waters, The literature 
values include monosaccharide and oligosaccharide concen­
trations as well as polysaccharide concentrations. Also, 
the sources of dissolved carbohydrates reported in Table 7 
were small bodies of water (ponds, sloughs and small 
lakes) while those reported in the literature were coastal 
waters where a larger dilution factor might be expected. 
Our results show that a considerable amount of carbo­
hydrate is produced by blue-green algae during blooms and 
released into the surrounding waters. Based on the report 
of Moore and Tischer (72) that during active growth 28% of 
the photoassimilated carbon of Anabaena flos-aquae is 
liberated as simple or complex polysaccharides, it seems 
reasonable that algae are capable of producing extra­
cellular polysaccharides in the concentrations reported 
here. This large Increase in organic matter during algal 
blooms may be of ecological significance in influencing 
phytoplankton succession directly (e.g., chelation of heavy 
metals, l40) or providing substrates for the growth of 
heterotrophic bacteria. 
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B. Polysaccharides of Anabaena splroldes 
Anabaena splroldes and its associated bacteria were 
selected as a model system for Intensive study of the algal 
extracellular polysaccharide and its possible role in the 
algal-bacterial relationship. A. splroldes was selected 
because of its successful adaptation to laboratory culture 
conditions and abundant production of extracellular poly­
saccharide. Mixed algal-bacterial cultures were used 
because they grew at a much faster rate than axenic cultures 
of A. spiroides, and the mixed cultures more closely 
resembled the naturally-occurring A. spiroides in gross 
morphology. The natural and laboratory bacterial-associated 
algae existed as single filaments in helical arrays, while 
the filaments of axenic algae were found to intertwine and 
form clumps. 
The extracellular polysaccharide production in relation 
to algal growth as a function of time is presented in 
Figure 1. The data represent the production of poly­
saccharide expressed as orcinol-HgSO^ glucose equivalents. 
The production of extracellular polysaccharide is 
sharply dependent upon the age of the algal cells, with 
polysaccharide production closely paralleling the curve for 
increase in chlorophyll a content. The lag phase for 
production of extracellular polysaccharide was longer than 
that for algal growth as measured by chlorophyll a content. 
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Figure 1. Extracellular polysaccharide production by 
Anabaena splroldes in culture and increase 
in chlorophyll a content as a function of 
time 
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o extracellular polysaccharide 
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These results are similar to those reported for 
Anacystls nldulans (64), Palmella mucosa Kâtz (75), 
Chlamydomonas parvula (70), and Anabaena flos-aquae (71) 
In that production of extracellular polysaccharide took 
place during the log phase of growth. In contrast, 
Guillard and Wangersky (l4l) in their studies of marine 
flagellates and Ramus (142) in his studies of the uni­
cellular red alga Porphyridlum aerugineum found that extra­
cellular polysaccharide production remained depressed until 
the cultures entered stationary phase and then the extra­
cellular polysaccharide concentration increased sharply. 
Isolation of the crude extracellular polysaccharide 
resulted in a yellowish-brown, stringy precipitate that had 
an ash content of 30%. An average of 79 mg Si~^ of the crude 
extracellular polysaccharide was extracted from spent growth 
medium. Following air drying or lyophilization, an average 
of 29% of the crude polysaccharide would not redissolve, 
even after prolonged stirring and heating. The insoluble 
material was dark brown in color and contained only traces 
of carbohydrate. 
Gas chromatography analysis of the crude extracellular 
polysaccharide (Figure 2) revealed the presence of rhamnose, 
fucose, arabinose, xylose and glucose, with traces of 
mannose, galactose and an unknown component. These same 
seven sugars were identified in the dissolved carbohydrate 
Figure 2. Gas chromâtogram of the crude extracellular 
polysaccharide of Anabaena spiroldes after 
hydrolysis, reduction and acetylation 
(3% ECNSS-M) 
a. rhamnitol pentaacetate 
b. fucitol pentaacetate 
c. arabitol pentaacetate 
d. xylitol pentaacetate 
e. unknown 
f. mannitol hexaacetate 
g. galactitol hexaacetate 
h. glucitol hexaacetate 
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Isolated from Little Wall Lake during periods of A. splroldes 
blooms (see Table 7). Occasionally, small amounts of rlbose 
appeared In the composition of the crude extracellular 
polysaccharide. These same seven monosaccharides and rlbose 
were found to comprise the dissolved carbohydrate isolated 
from Cory's Pond (1972) during a bloom of A. splroldes (see 
Table 7). These results strongly support the theory that 
algal extracellular polysaccharides are a major contributor 
to the dissolved carbohydrate found In natural bodies of 
water. 
Crude extracellular polysaccharide (60 mg was 
Isolated from axenlc cultures of A. splroldes (UTEX-1552), 
and Its monosaccharide composition was examined by gas 
chromatography (Figure 3). The monosaccharide composition 
(rhamnose, fucose, arablnose, xylose, mannose, galactose and 
glucose) was found to be the same as that of the extra­
cellular polysaccharide from the mixed algal-bacterial 
cultures (see Figure 2). Since no qualitative differences 
in monosaccharide composition were found between the axenlc 
and mixed algal-bacterial cultures, there is no evidence 
that the associated bacteria in the mixed cultures were 
producing a different extracellular polysaccharide. 
Possibly, the quantitative differences between the 
monosaccharide composition of the two extracellular poly­
saccharides (see Table 8) can be attributed to differences 
Figure 3. Gas chromatogram of the crude extra­
cellular polysaccharide of axenjc Anabaena 
splroides (UTEX-1552) after hydrolysis, 
reduction, and acetylation (3% ECNSS-M) 
a. rhamnitol pentaacetate 
b. fucitol pentaacetate 
c. arabitol pentaacetate 
d. xylitol pentaacetate 
e. mannltol hexaacetate 
f. galactitol hexaacetate 
g. glucitol hexaacetate 
DETECTOR RESPONSE 
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In culture medium. It has been shown that the molar ratios 
of the constituent monosaccharides of the extracellular 
polysaccharides of blue-green algae often vary within the 
same species under different growth conditions (73). 
Table 8. Molar ratios of the monosaccharides present in the 
crude extracellular polysaccharides isolated from 
axenic and mixed algal-bacterial cultures of 
Anabaena spiroides 
Monosaccharide 
Rhamnose 
Pucose 
Arabinose 
Xylose 
Mannose 
Galactose 
Glucose 
Molar Ratio 
Q b (axenic) (mixed culture) 
0.6 0.5 
1.0 1.0 
0.3 0.9 
1.1 1.4 
0.9 0.1 
0.2 0.1 
2.7 2.0 
^Grown in Gorham's medium. 
^Grown in Modified Chu 10 medium. 
The crude sheath (11 mg &~^), intracellular (15 rag &"^) 
and cell wall (9 mg &"^) polysaccharides were isolated from 
the mixed algal-bacterial cultures of A. spiroides, and 
their monosaccharide composition was examined by gas 
chromatography (see Figures 4, 5 and 6), The three 
Figure 4. Gas chromâtogram of the crude sheath 
polysaccharide of Anabaena splroldes after 
hydrolysis, reduction and acetylatlon 
(3% ECNSS-M) 
a. rhamnltol pentaacetate 
b. fucltol pentaacetate 
c. arabltol pentaacetate 
d. xylltol pentaacetate 
e.f. unknowns 
g. manhltol hexaacetate 
h. galactltol hexaacetate 
1. glucltol hexaacetate 
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Figure 5. Gas chromatogram of the crude Intracellular 
polysaccharide from Anabaena splroides after 
hydrolysis, reduction and acetylation 
(3% ECNSS-M) 
a. rhamnitol pentaacetate 
b. fucitol pentaacetate 
c. arabitol pentaacetate 
d. xylitol pentaacetate 
. e,f. unknowns 
! g. mannitol hexaacetate 
h. galactitol hexaacetate 
: i. glucitol hexaacetate 
'• j . Inositol hexaacetate (internal standard) 
DETECTOR RESPONSE 
Figure 6. Gas chromatogram of the crude cell wall 
material of Anabaena spiroldes after 
hydrolysis, reduction and acetylation 
(0.75% HiEPP-lBP, 0.25% EGSS-X and 0,1% 144-B) 
a. rhamnitol pentaacetate 
b. fucitol pentaacetate 
c. arabitol pentaacetate 
d. xylitol pentaacetate 
e. mannitol hexaacetate 
f. galactitol hexaacetate 
g. glucitol hexaacetate 
h. inositol hexaacetate (internal standard) 
DETECTOR RESPONSE 
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polysaccharide fractions contained the same monosaccharides: 
rhamnose, fucose, arablnose, xylose, mannose, galactose, and 
glucose, although the relative amounts of each monosaccharide 
varied from one fraction to another. 
A comparison of the crude sheath polysaccharide and the 
crude extracellular polysaccharide (Figure 7) shows that they 
are very similar In composition except for a much higher 
concentration of me.nnose present In the sheath poly­
saccharide. The higher percentage of mannose In the crude 
sheath polysaccharide probably resulted from contaminating 
Intracellular polysaccharides which were released from 
ruptured cells during the process of dislodging the sheath 
material from the whole cells; the Intracellular poly­
saccharide (see Figure 5) was found to contain a large 
percentage of mannose. 
This close similarity between sheath and extracellular 
polysaccharides suggests that the sheath polysaccharide is 
separated from the algal cell mechanically or enzymatlcally 
and is sloughed off into the surrounding medium, becoming the 
extracellular polysaccharide. The same phenomenon in nature 
would give rise to the dissolved carbohydrates found in 
natural bodies of water. 
A natural bloom of A. spiroldes was collected from 
Don Williams Lake, Ogden, Iowa, in 1975. The sheath, cell 
wall, and intracellular polysaccharides were isolated and 
analyzed by the same procedures used for the laboratory 
Figure 7. A comparison of the gas chromatograms of the 
crude extracellular polysaccharide ( ) and 
crude sheath polysaccharide ( ) of 
Anabaeha splroldes after hydrolysis, reduction 
and acetylatlon (3% ECNSS-M) 
a. rhamnltol pentaacetate 
b. fucltol pentaacetate 
c. arabltol pentaacetate 
d. xylltol pentaacetate 
e. unknown 
f. mannltol hexaacetate 
g. galactltol hexaacetate 
h. glucltol hexaacetate 
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cultures of A. splroldes. In each case no qualitative differ­
ences in the monosaccharide composition of the sheath, cell 
wall, and intracellular polysaccharides were found between 
the cultured algae and the specimens collected from Don 
Williams Lake. It can be concluded from these results that 
the chemical composition of the corresponding polysaccharides 
is not altered in the transition from natural habitats to 
Inorganic culture media. 
Pour microorganisms associated with the sheath of wild 
A. splroldes were isolated from the sheath and brought into 
laboratory culture. No extracellular polysaccharides were 
found in the culture medium during the exponential growth 
phase of these isolates. The monosaccharide content of poly­
saccharides isolated from whole bacterial cells is presented 
in Table 9. 
Table 9. Monosaccharide constituents of microorganisms 
associated with Anabaena splroldes 
Microorganism Culture^ Monosaccharide Composition^ 
Actinomycete ACT arablnose, ribose, galactose, 
mannose, glucose 
Azomonas sp. Z-2 rhamnose, ribose, glucose 
Pseudomonas sp. Z-3 ribose, glucose 
Staphylococcus 
saprophytlcus 
Z-5 rhamnose, arablnose, ribose 
glucose, unknown component 
^Isolated and cultured by Valerie P. Cholvln, Depart­
ment of Botany and Plant Pathology, Iowa State University. 
^Determined as the aldltol acetate derivatives by gas 
chromatography. 
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In each case, the bacterial polysaccharides were 
composed of monosaccharides that are readily available to the 
microorganism from the sheath or extracellular poly­
saccharides of A. spiroldes. Lange (99) has proposed that 
the associated bacteria assimilate the sheath polysaccharides 
of blue-green algae when no other source of organic material 
is readily available. This subject will be examined in much 
greater detail in the last section of the Results and 
Discussion. 
The crude cell wall material was further fractionated by 
the method of Miyazaki and Naoi (119). The results are shown 
in Table 10. 
Table 10. Fractionation by solvent extraction of cell wall 
material from Anabaena splroldes& 
Fraction Weight Recovered (mg) Percent Recovery^ 
Acetone 27.0 3.1 
Ether-ethanol (1:1) 40.0 4.5 
Hot water 18.0 2.0 
1 N KOH (21°) 260.0 29.5 
1 N KOH (100°) 0.0 0.0 
Cell wall remaining 
after extraction 600,0 68.1 
^fractionated by the method of Miyazaki and Naoi (119). 
^Based on initial weight of cell wall material of 
88l mg. 
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The acetone and ether-ethanol fractions contained 
glucose and small amounts of xylose. The largest fractions, 
1 N KOH at 21° and the cell wall material remaining after 
extraction, contained no detectable polysaccharides. The 
hot water fraction (see Figure 8) was found to be composed 
of rharanose, fucose, xylose, galactose, and glucose In a 
molar ratio of 1.0:1.5:2.0:1.0:1.5. Traces of rlbose, 
mannose, and arablnose also were present. The hot water 
fraction showed a sharp decrease In the amount of arablnose, 
mannose, and glucose, compared to the crude cell wall 
fraction (see Figure 6). 
The crude extracellular polysaccharide of A. splroldes 
was further purified by separation into several fractions 
using Cetavlon precipitation. Each fraction was hydrolyzed 
and its monosaccharide composition was determined by gas 
chromatography. The results are summarized in Table 11. 
Table 11. Cetavlon fractionation of the crude Anabaena 
splroldes extracellular polysaccharide and gas 
chromatographic analysis of the monosaccharide 
composition of each fraction^ 
Polysaccharide Percent Monosaccharide Composition 
Fraction Recovery 
pH 8 10 rhamnose, fucose, arablnose, 
xylose, galactose, mannose, 
glucose, unknown components 
^'Analyzed as the aldltol acetate derivatives. 
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Table 11. (Continued) 
Polysaccharide 
Fraction 
Percent 
Recovery 
Monosaccharide Composition 
pH 10 55 rhamnose, fucose, arablnose, 
xylose, glucose 
pH 12 1 rhamnose, fucose, arablnose, 
xylose, galactose, mannose, 
glucose, unknown components 
Remaining in 
solution 
13 rhamnose, fucose, arablnose, 
xylose, galactose, mannose, 
glucose, unknown components 
The minor fractions (pH 8, pH 12 and the polysaccharide 
that remained in solution) possessed the same monosaccharide 
composition (Figure 9): rhamnose, fucose, arablnose, xylose, 
galactose, mannose, glucose, and several undetermined 
components. The major fraction (pH 10) was a fluffy white 
precipitate that had an ash content of 2.7%, compared to an 
ash content of 30% for the crude extracellular poly­
saccharide. The pH 10 fraction was found to have a two-fold 
increase in carbohydrate content over the crude extra­
cellular polysaccharide. The major fraction (Figure 10) 
contained rhamnose, fucose, arablnose, xylose, and glucose, 
with trace amounts of galactose and mannose. 
Figure 8. Gas chromatogram of the hot water extract from 
the cell wall material of Anabaena splroldes 
after hydrolysis, reduction, and acetylatlon 
(3% ECNSS-M) 
a. rhamnltol pentaacetate 
b. fucltol pentaacetate 
c. rlbltol pentaacetate 
d. arabltol pentaacetate 
e. xylltol pentaacetate 
f. galactltol hexaacetate 
g. 
h. 
glucltol hexaacetate 
inositol hexaacetate (Internal standard) 
DETECTOR RESPONSE 
Figure 9 .  Gas chromatogram, after hydrolysis, reduction 
and acetylation, of the pH 8, pH 12 fractions 
and the polysaccharide remaining in solution on 
Cetavlon fractionation of the crude extracellular 
polysaccharide of Anabaena splroldes (0.75% 
HIEPP-IBP, 0.25% EGSS-X, and 0.1% 144-B) 
a. unknown 
b. rhamnltol pentaacetate 
c. fucltol pentaacetate 
d. ribltol pentaacetate 
e. arabltol pentaacetate 
f. unknown 
g. xylltol pentaacetate 
h. unknown 
1. unknown 
j. mannltol hexaacetate 
k. galactitol hexaacetate 
1. glucltol hexaacetate 
m. inositol hexaacetate (Internal standard) 
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Figure 10. Gas chromatograni, after hydrolysis, reduction 
and acetylation, of the pH 10 fraction resulting 
from Cetavlon fractionation of the crude 
extracellular polysaccharide of Anabaena 
spiroides {,3% ECNSS-M) 
a. rhamnitol pentaacetate 
b. fucitol pentaacetate 
c. arabitol pentaacetate 
d. xylitol pentaacetate 
e. raannitol hexaacetate 
f. galactitol hexaacetate 
g. glucitol hexaacetate 
inositol hexaacetate (internal standard) 
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The pH 10 fraction was further purified by DEAE-
cellulose column chromatography. The polysaccharide was 
eluted from the column with 0.05 M NaHCO^ to give an 86% 
recovery. The purified polysaccharide formed a clear, 
stringy precipitate that had an ash content of 0.09%. 
The purified extracellular polysaccharide (Figure 11) 
contained rhamnose, fucose, arabinose, xylose and glucose 
in the molar ratio 0.7:1.1:1.0:1.7:1.7. The trace amounts 
of mannose and galactose found in the pH 10 fraction (see 
Figure 10) were not detected in the purified poly­
saccharide. 
Since the crude Intracellular and sheath poly­
saccharides were very similar in composition to that of 
the crude extracellular polysaccharide, the crude intra­
cellular and sheath polysaccharides were purified by the 
same procedures as described for the crude extracellular 
polysaccharide. The purified Intracellular and sheath 
polysaccharides were qualitatively the same as the 
purified extracellular polysaccharide (rhamnose, fucose, 
arabinose, xylose and glucose). However, quantitatively 
the three polysaccharides were quite different (see 
Table 12). 
Figure 11. Gas chromatogram, after hydrolysis, reduction 
and acetylatlon, of the purified extra­
cellular polysaccharide of Anabaena splroldes 
eluted from DEAE-cellulose column chromatography 
(3% ECNSS-M) 
a. rhamnltol pentaacetate 
b. fucltol pentaacetate 
c. arabltol pentaacetate 
d. xylltol pentaacetate 
e. mannltol hexaacetate 
f. glucltol hexaacetate 
DETECTOR RESPONSE 
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Table 12. Composition and molar ratios of the purified 
Intracellular, sheath, and extracellular poly­
saccharides of Anabaena splroldes as determined 
by gas chromatography^ 
Purified Molar Ratio of Component Monosaccharides 
Polysaccharide 
Rhamnose Pucose Arablnose Xylose Glucose 
Intracellular 0.9 1.4 1.0 2 . 5  19.9 
Sheath 1.1 1.5 1.0 2.0 8 . 6  
Extracellular 0 . 7  1.1 1.0 1.7 1.7 
^•Determined as the aldltol acetate derivatives. 
It has been suggested in the literature that the intra­
cellular, sheath, and extracellular polysaccharides are one 
and the same since the hydrolysates of the sheath and water-
soluble Intracellular polysaccharides from Anabaena 
cyllndrlca (63), Palmella mucosa Katz (71,75), Anabaena 
flos-aquae (.71), and Anacystis nldulans C64) also yielded 
the same constituents as were found in their respective 
extracellular polysaccharides. In each of these studies, 
however, only a qualitative approach was taken. As the 
results in Table 12 show, even though the purified intra­
cellular, sheath, and extracellular polysaccharides of 
A. splroldes are composed of the same monosaccharides. 
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quantitatively the ratio of glucose decreased from Intra­
cellular to sheath to extracellular fractions. 
Several possibilities might account for the reduction 
in glucose content while the remaining monosaccharides 
remain constant: 
CD The complex polysaccharide may have a chain 
of glucose units attached to one end of the 
polymer. 
(2) The complex polysaccharide may have branch 
chains of glucose units. 
C3) There may be two polysaccharides (the complex 
polysaccharide and a tightly associated 
polyglucosan), 
For each possibility, bacteria associated with the sheath 
material could enzymatically degrade the polyglucose units, 
leaving the complex polysaccharide portion of the polymer 
intact. A concurrent reduction in glucose content would be 
seen in the sheath and extracellular fractions. 
Recently, the proposed structures of many complex poly­
saccharides have become suspect because better methods of 
analysis have indicated simpler structures (125) or detected 
a mixture of polysaccharides (72), With this in mind, every 
known method was employed in an effort to separate the 
complex extracellular polysaccharide into two or more 
simpler polysaccharides. 
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Elution of the extracellular polysaccharide of 
A. splroides from a DEAE-cellulose column (B) with an 
increasing gradient of NaHCO^ produced only one peak (see 
Figure 12). No minor polysaccharide components were 
observed. 
Attempts to fractionate the extracellular polysaccharide 
with absolute ethanol precipitation led to a single fraction 
which precipitated at 60% ethanol (v/v) and possessed the 
same monosaccharide composition as the initial purified 
polysaccharide. 
Cupric acetate fractionation resulted in the formation 
of only one fraction which was obtained only after the 
addition of 33% of the total volume of absolute ethanol. 
Hydrolysis of the precipitate revealed the presence of the 
same five monosaccharides which comprise the initial purified 
polysaccharide. 
The sedimentation pattern of the purified polysaccharide 
showed a single, very sharp peak. The observed sedimentation 
coefficient (SgQ, water) was 5.4 x 10"^^, This value is 
similar to that reported for carrageenan, which has a 
molecular weight of approximately 250,000 (143). It appears 
that the extracellular polysaccharide is at least as large 
or larger than carrageenan. The appearance of only one peak 
in the sedimentation pattern, however, does not rule out the 
possibility that there may be more than one polysaccharide 
present. 
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Profile of the extracellular polysaccharide of 
Anabaena splroldes on elutlon from a DEAE-
cellulose column (B) 
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The results of these attempts to fractionate the extra­
cellular polysaccharide suggest that the complex poly­
saccharide is a homogeneous polymer. 
The optical rotation of the purified extracellular 
22 polysaccharide was [a]^ + 14.9°; this suggests the presence 
of 3-linkages with the possibility of some a-linkages. The 
elemental composition of the purified polysaccharide was: 
0, 48.89%; C, 42.64%; H, 6.94%; N, 1.35%; P, <0.03%; and 
S, <0.02%. There were no phosphate or sulfate groups 
associated with the extracellular polysaccharides, as shown 
by the absence of appreciable amounts of P and S. The 
presence of 1.35% N in the polysaccharide is interpreted as 
due to contamination by N-containing cellular material. 
No amino sugars were detected by paper or thin-layer 
chromatography. Ninhydrin-positive spots appeared near 
the origin of the paper chromatograms, suggesting that the 
purified extracellular polysaccharide contained small 
amounts of residual protein either covalently bound or 
strongly adsorbed to the surface of the polysaccharide. 
The total carbohydrate content of the purified poly­
saccharide was 75% by the orcinol-HgSO^ method (112,113). 
A standard consisting of rhamnose, fucose, arabinose, xylose 
and glucose (1:1:1:2:2) was used for the total carbohydrate 
determination because a glucose standard consistently gave 
values of total carbohydrate of 135%. 
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No uronlc acids were detected by paper or gas chroma­
tography, but 1.5% uronlc acid was determined to be present 
by a modified carbazole reaction (130). The presence of 
carboxylate anion was detected by the formation of an 
Insoluble complex with Alcian blue, but the carboxylate 
anion was present in such a small amount that it could not 
be quantitated. The Infrared spectrum of the free acid form 
of the extracellular polysaccharide (.Figure 13) showed a 
carbonyl absorption band at 1720 cm~^ which disappeared in 
the infrared spectrum of the sodium salt of the extracellular 
polysaccharide (Figure 14). The infrared spectrum of the 
sodium salt showed strong absorption at I6l2 cm ^ and 
l4lO cm~^, which is characteristic of the carboxylate anion. 
The lack of absorption at 1735 cm~^ in the Infrared spectrum 
of the sodium salt Indicated the absence of 0-acetyl groups 
attached to the extracellular polysaccharide. 
The possibility exists that pyruvate, covalently bound 
to the polysaccharide in ketal linkages, is responsible for 
the carboxylate group. However, attempts to prepare 
hydroxamic acid derivatives of any acetate or pyruvate 
groups that might be present proved negative. 
Partial acid hydrolysis of the extracellular poly­
saccharide with Increasing concentrations of HgSO^ revealed 
that glucose and a trace of mannose were released initially, 
followed by Increasing amounts of rhamnose, fucose. 
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Figure 13. Infrared spectrum of the free acid form of the purified extracellular 
polysaccharide of Anabaena spiroides 
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Figure 14. Infrared spectrum of the sodium salt form of the purified extracellular 
polysaccharide of Anabaena splroides 
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arabinose, xylose, and glucose. These results suggest tfiat 
glucose is a terminal sugar unit in the chain or at the 
terminal ends of branches. The purified polysaccharide 
does contain a trace of mannose (see Figure 11). This was 
also released initially, suggesting that a small amount of 
mannose could be attached randomly at terminal ends of 
branches. 
Periodate oxidation of the purified extracellular poly­
saccharide was essentially complete after 100 hrs, although 
oxidation continued slowly throughout the remaining period 
of the experiment (Figure 15). Based on an average 
molecular weight of anhydrorhamnose, anhydrofucose, 
anhydroarablnose, anhydroxylose, and anhydroglucose 
(1:1:1:2:2) as the weight of one anhydrosugar residue, the 
periodate uptake was 0.7 moles per anjiydrosugar residue. 
Formic acid release was 0.21 moles per anhydrosugar residue. 
Chromatography of the oxidized polysaccharide, after 
Smith-type degradation (143), revealed that all of the 
xylose and approximately half of the glucose had been 
destroyed. All other components were either untouched or 
only slightly affected by the oxidation process. The dis­
appearance of xylose following periodate oxidation suggests 
the presence of terminal, 1,4-, or 1,2-linked xylose, since a 
1,3-linked xylose would remain intact. The glucose that was 
destroyed must be present as either a terminal unit or as a 
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spiroides 
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1,4- or 1,2-llnked glucose. The major portion of arablnose, 
rhamnose, fucose, and the unoxidized glucose must be present 
as sugar units either 1,3-linked or located at branch 
points, since they were not destroyed by the periodate 
oxidation. 
The purified extracellular polysaccharide was only 
slightly soluble in water, yielding a clear, highly viscous 
solution. These properties suggest that the polysaccharide 
is highly polymerized (l44). A flexible film of the extra­
cellular polysaccharide was formed by allowing an aqueous 
solution of the polysaccharide to dry on a glass plate. 
According to Whistler and Smart (137), polysaccharides which 
contain numerous long branches will form only weak and very 
brittle films which are so fragile that they cannot be 
removed from the glass plate. On the other hand, poly­
saccharides which are linear or have branches of approxi­
mately one sugar unit in length form strong, pliable films 
which can be readily removed from the glass plate. Since 
the extracellular polysaccharide behaved in the latter 
fashion, it is likely that it is linear or contains only 
short branch chains, 
Preliminary measurements of the extracellular poly­
saccharide revealed that it had unique properties of 
viscosity and pseudoplasticity, similar to those of other 
hydrocolloids which have been used extensively in the food, 
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paint, and oil Industries. Papers from an American Chemical 
Society symposium held in 1976 on extracellular microbial 
polysaccharides cite many references to work in these fields 
(1^5 )• The unusually high viscosity of the extracellular 
polysaccharide is demonstrated in Figure l6. Because of the 
large volume needed for these viscosity studies and the 
limited quantities of purified polysaccharide, higher 
concentrations were not studied, At these lower concen­
trations, the viscosity of the purified polysaccharide was 
very similar to that of several bacterial polysaccharides 
(Xanthan and Zanflo) which are used commercially Cl45), 
The viscosity of the extracellular polysaccharide 
(.0,2% w/v) in water is essentially independent of pH from 
3-5 and 7-14, with a sharp rise in viscosity at pH 6 (see 
Figure 17). This same effect is observed over a range of 
concentrations of polysaccharide. 
The viscosity of the extracellular polysaccharide in 
water is relatively stable over a wide temperature range 
(see Figure l8). The viscosity decreased at the rate of 
0.25 cps/°C when the temperature was raised from 4° to 80°; 
the effect was reversible when the solution was cooled 
from 80° to 4°. This reversible temperature effect upon 
viscosity could be observed repeatedly on a single sample. 
The viscosity of the extracellular polysaccharide in 
solution is dependent upon the concentration of inorganic 
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Figure l6. Viscosity vs concentration of extracellular 
polysaccharide of Anabaena splroldes 
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salts present. The effects of Increasing salt concentrations 
on the viscosity of the extracellular polysaccharide are 
shown In Figure 19. At a polysaccharide concentration of 
0.3% (w/v), a rapid initial decrease in viscosity was 
observed, followed by essentially no further change as the 
salt concentration was increased from 1 to 5%. At a poly­
saccharide concentration of 0.2%, increasing salt concen­
trations produced an initial increase in viscosity. Between 
3 and 10% salt concentrations, however, the viscosity 
remained essentially constant. Increased salt concentrations 
above 10% caused a gradual decrease in viscosity to levels 
approaching the Initial viscosity before salt was added. 
The paucity of polysaccharide prevented further studies of 
this effect. 
The extracellular polysaccharide properties of high 
viscosity and pseudoplastlcity, as well as stability to 
extremes of temperature, pH, and salt concentration, may 
prove to be of interest for industrial applications (e.&., in 
the area of enhanced oil recovery). 
Partial hydrolysis of the purified extracellular poly­
saccharide with 0.5 N TPA gave a mixture of saccharides that 
were fractionated on a Bio-Gel P2 column (see Figure 20). 
The major fraction (A) was the unhydrolyzed extracellular 
polysaccharide. The two smaller fractions (B) and (C), were 
found to contain a mixture of higher oligosaccharides and a 
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hydrolysis of the purified extracellular 
polysaccharide of Anabaena splroides 
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mixture of mono- and disaccharides, respectively. The 
separation of these oligosaccharides and the determination 
of their sequence using methylation analysis is a continuing 
project in this laboratory, 
Methylation analysis was applied in the elucidation of 
types of linkages present in the complex extracellular 
polysaccharide of A, spiroides, The Hakomori methylation 
procedure (125) requires that the polysaccharide be soluble 
in DM80. The purified extracellular polysaccharide was 
insoluble in DM80 and had to be first methylated by the 
Haworth methylation procedure (124), Complete etherification 
was not obtained in a single methylation, but the partially 
methylated extracellular polysaccharide was soluble in DMSO. 
Methylation was then completed using the Hakomori procedure 
(125). A comparison between the infrared spectrum of the 
pure extracellular polysaccharide (Figure 13) and that of the 
permethylated extracellular polysaccharide (Figure 21) shows 
the complete disappearance of the hydroxyl absorption band 
centered at 3^00 cm"^ for the permethylated polysaccharide. 
This suggests that all the hydroxyl groups have been 
methylated. 
The completely methylated extracellular polysaccharide 
PP had an optical rotation of [ajg + 4,8°Cchloroform), This 
low optical rotation, along with the low optical rotation of 
2 2 the purified extracellular polysaccharide ([0]^ + 14.9° in 
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Figure 21. Infrared spectrum of the permethylated extracellular polysaccharide 
of Anabaena splroides 
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HgO), Indicates that the majority of the linkages are g. 
However, a-llnkages may be present, as Indicated by the PMR 
spectrum of the permethylated extracellular polysaccharide 
In CDClg. Signals were observed at 4.0-5.5 6, the region 
for anomerlc protons of both a- and 3-llnked hexoses (see 
Figure 22). Anomerlc protons of g-llnked D-glucopyranosyl 
and galactopyranosyl residues have been shown to occur at 
4.0-5.0 6, 2 7 Hz while anomerlc protons of a-llnked 
hexose residues have been shown to resonate at 5.0-5.5 8, 
Jl^2 ^-3 Hz (126,136). 
The permethylated extracellular polysaccharide of 
A, splroldes was hydrolyzed, and the resultant partially 
methylated monosaccharide components were separated on three 
gas chromatographic columns (see Figures 23-25 and Table 13) 
as their aldltol acetate derivatives. The ECNSS-M and 
OV-225 columns resolved 9 of the 10 partially methylated 
aldltol acetate components. The two unresolved components 
at relative retention times of 0,63 and 0,58 on the ECNSS-M 
and OV-225 columns, respectively, were separated on the OV-1 
column (Table 13). 
Because of the complexity of the extracellular poly­
saccharide, it was difficult to Identify each component of 
the hydrolyzed permethylated extracellular polysaccharide on 
the three gas chromatographic columns that were employed 
(ECNSS-M, OV-225J and OV-1), Depending on the liquid phase 
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Figure 22. PMR spectrum (100 MHz) of the methylated extra­
cellular polysaccharide of Anabaena splroldes 
Figure 2 3 .  Gas chromatogram of the partially methylated 
aldltol acetate derivatives obtained from the 
hydrolyzed permethylated extracellular 
polysaccharide (3^ ECNSS-M) 
a. 2, 3 ,4-trl-O-methylfucose 
a. 2, 3 ,4-trl-O-methylxylose 
b. 2, 3 , 4,6-tetra-O-methylglucose 
c. 2, 4. -dl-O-methyIfucose 
d. 2, 4. -dl-O-methylarablnose 
e. 2, 3 -dl-O-methylxylose 
e. 2-0 -methylrhamnose 
f. 2-0 -methylfucose 
g. 2, 3 ,6-trl-O-methylglucose 
h. 3, 6 -dl-O-methylglucose 
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Figure 24, Gas chromatogram of the partially methylated 
aldltol acetate derivatives obtained from the 
hydrolyzed permethylated extracellular 
polysaccharide (3% OV-225) 
a. 2 , 3 J 4-trl-O-methylfucose 
a. 2 , 3,4-trl-O-methylxylose 
b. 2 ,3,4,6-tetra-O-methylglucose 
b. 2 , 4-dl-O-methylfucose 
c. 2 ,4-dl-O-methylarablnose 
d. 2 , 3-dl-O-methylxylose 
e. 2 -0-methylrhamnose 
e. 2 -0-methylfucose 
f. 2 , 3,6-trl-O-methylglucose 
g. 3 , 6-dl-O-methylglucose 
DETECTOR RESPONSE 
Figure 25. Gas chromatogram of the partially methylated 
alditol acetate derivatives obtained from the 
hydrolyzed permethylated extracellular 
polysaccharide (3% OV-1) 
555. 2  , 3,4-tri-O-methylxylose 
575. 2  ,3,4-tri-O-methylfucose 
6 1 9 .  2  ,3-di-O-methylxylose 
6 1 9 .  2  ,4-di-O-methylarablnose 
634. 2  J 4-di-O-methylfucose 
647. 2  ,3,4,6-tetra-O-methylglucose 
6 6 9 .  2  -0-methylrhamnose 
6 6 9 .  2  -0-methylfucose 
741. 2  ,3,6-tri-O-methylglucose 
8 2 3 .  3 ,6-di-O-methylglucose 
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Table 13. Relative retention times and molar ratios of 
partially methylated alditol acetates derived 
from the hydrolyzed permethylated extracellular 
polysaccharide of Anabaena spiroides 
Alditol acetate 
derivatives of 
partially methylated 
monosaccharides 
2,3s 4-tri-O-methylfucose 
2,3,4-tri-O-methylxylose 
2,3,4,6-tetra-O-methylglucose 
2,4-di-O-methylfucose 
2,4-di-O-methylarablnose 
2,3-di-O-methylxylose 
2-0-methylrhamnose 
2-0-methylfucose 
2,3,6-trl-O-methyIglucose 
3,6-di-O-methylglucose 
Retention 
3% ECNSS-M 
Standard^ Extracellular 
0.65 0.63 
0.68 0.63 
1.00 1.00 
1.12 1,16 
1.40 1.41 
1.54 1.56 
1.52 1.56 
1.67 1.72 
2.56 2.56 
4.40 4.56 
^Relative to l,5-di-0-acetyl-2,3,4,6-tetra^0^methyl-
D-glucitol. 
^Values taken from the literature (146,127). 
°No values available in the literature. 
^Area of each peak was divided by the molecular weight 
of the appropriate partially methylated alditol acetate 
derivative and the sum of these ratios was normalized to 
100. 
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Tlmes^ 
3*. OV-225 Wole , 
standard Extracellular Standard^ Extracellular Percent 
0 . 5 8  0.58 — 0 . 8 9  6 . 3  
0.54 0.58 0 . 8 6  3.3 
1 . 0 0  1 . 0 0  1 . 0 0  1 7 . 2  
1 . 0 2  1 . 0 0  0.98 7.2 
1 . 1 0  1 . 1 0  0.96 1 2 . 0  
1.19 1 . 1 6  0.96 2 2 . 6  
1.37 1.40 1 . 0 3  1 0 . 6  
1.43 1.40 — — 1 . 0 3  7.9 
2 . 2 2  2.23 — 1.15 7.9 
3.73 3.38  ^w «— 1 . 2 7  4.9 
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used, the sequence of retention times for several partially 
methylated alditol acetate components changed in relation to 
those of the other components and, in some cases, became 
superimposed. In order to resolve this problem, the 
partially methylated monosaccharides, obtained from 
hydrolysis of the permethylated extracellular polysaccharide, 
were separated by thin-layer chromatography (see Table l4). 
Table 14. Thin-layer chromatography of the partially 
methylated monosaccharide components of the 
methylated extracellular polysaccharide of 
Anabaena spiroides 
Partially Methylated Monosaccharide ^Tg^ 
2,3,6-tri-O-methylglucose 0,40 
3,6-dl-O-methylglucose 0.40 
2-0-methylfucose 0.56 
2,4-di-O-methylarablnose 0.68 
2-0-methylrhamnose 0.68 
2,4-dl-O-methylfucose 0.75 
2,3-di-O-methylxylose 0.75 
2,3,4,6-tetra-O-methylglucose 1.00 
2,3,4-trl-0-methylxylo5e 1.00 
2,3,4-tri-O-methylfucose 1,00 
^Relative to 2,3,4,6-tetra-O-methylglucose. 
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Not all of the partially methylated monosaccharides were 
individually separated by thin-layer chromatography (each 
spot contained 1 to 3 components), but the partial resolution 
was an improvement over working with the original mixture of 
10 components. Each spot was eluted, and its components were 
converted to their alditol acetate derivatives. Each of the 
partially methylated alditol acetate derivatives then was 
tentatively identified by determining its retention time 
relative to l,5-di-0-acetyl-2,3,4,6-tetra-0-methyl-D-glucitol 
using the ECNSS-M and OV-225 columns. The relative retention 
times for all the partially methylated alditol acetate 
components of the extracellular polysaccharide (Table 13) 
were within experimental error of those reported in the 
literature (127,146) for the same partially methylated 
alditol acetate derivatives and the same columns. 
Gas chromatographic analysis identified the fastest 
moving TLC spot (retention time 1.0, Table l4) as the 
terminal sugars: 2,3,4,6-tetra-O-methylglucose, 2,3,4-tri-
0-methylxylose, and 2,3,4-tri-O-methylfucose, The three 
intermediate TLC spots (retention times 0.75, 0.68, and 
0.56; Table l4) proved to be the dimethylated pentoses and 
the mono- and dimethylated 6-deoxyhexoses: 2,3-di-O-
methylxylose, 2,4-di-O-methylarabinose, 2-0-methylfucose, 
-2-0-methylrhamnose, and 2,4-dl-O-methylfucose. The slowest 
moving TLC spot (retention time 0,40, Table l4) contained 
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the dl- and trimethylated hexoses: 3,6-dl-O-methylglucose 
and 2,3s6-trl-0-methylglucose. 
The amount of each monosaccharide present in the 
methylated polysaccharide is equal to the total amount of 
that monosaccharide present in the purified extracellular 
polysaccharide as determined by sugar composition analysis 
(see Table 15). 
Table 15. Comparison of the mole per cent composition of 
the purified extracellular polysaccharide and its 
methylated derivative 
Monosaccharide 
Component 
Mole Percent 
Extracellular , 
Polysaccharide' 
Methylated , 
Polysaccharide 
Rhamnose 
Fucose 
Arabinose 
Xylose 
Glucose 
11.3 
17.7 
16.1 
27.3 
27.3 
10.6 
21.4 
12.0 
25.9 
3 0 . 0  
^Determined from the molar ratios of the monosaccharides 
found in the purified extracellular polysaccharide, page 95-
^Sum of the methylated derivatives of each mono­
saccharide found in Table 13. 
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The molar percentages (see Table 13) of the branched 
monosaccharides (23.4%; 3,6-dl-O-methylglucose, 2-0-methyl-
fucose, and 2-0-methylrhamnose) was approximately the same as 
that of the terminal monosaccharides (26.8%; 2,3,4-trl-O-
methylfucose, 2,3,4-tri-O-methylxylose, and 2,3,4,6-tetra-O-
methylglucose). This agreement between the amount of branch 
monosaccharides and the terminal monosaccharides suggests that 
the extracellular polysaccharide was completely methylated. 
The partially methylated alditol acetate derivatives of 
the hydrolyzed permethylated extracellular polysaccharide were 
analyzed by GLC-mass spectroscopy in order to confirm the 
tentative identification of each peak in the gas chromâtograms. 
Prominent peaks found in the mass spectrum of each of the 
tentatively identified partially methylated alditol acetate 
derivatives were compared to values taken from the literature 
(1^6,147) for the same partially methylated alditol acetates 
(see Table l6). 
Peak 555 (Figure 25) was identified by GLC-mass spectros­
copy as 2,3,4-tri-O-methylxylose (Figure 26, m/e 43, 101, 117, 
l6l) (Structure 1). 
CHoOAc 
, 117 
161 MEOCH 161 
117 HCOME 
CH2OAC 
(1) 
Table 16. Prominent peaks (m/e) in the mass spectra of acetates of methylated 
alditols^ 
Parent Sugar 43 45 71 8? 99 101 113 117 129 131 145 l6l 175 189 205 233 
2,3,4-tri-O-methylfucose + + + + + + 
2,3,4-trl-O-methylxylose + + + + 
2,3)4,6—tetra—0— 
methylglucose + + + + + + + + + + 
2,4-di-O-methylfucose + + + + 
2,4-di-O-methylarabinose + + + 
2,3-di-O-methylxylose + + + + + 
2-0-methylrhamnose + + 
2-0-methyIfucose + + 
2,3,6-tri-O-methylglucose + + + + + + + + 
3,6-di-O-methylglucose + + + + + + + + 
^Values taken from the literature (146,147). 
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Figure 26. Mass spectrum of peak 555 in Figure 25 (2,3,4-trl-0-methylxylo8e) 
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Fragmentation from fission between two adjacent methoxy-
lated carbon atoms leads to the primary fragments m/e 117 and 
m/e 161. The secondary fragment m/e 101 is formed from the 
primary fragment m/e 16I by 3-ellmination of acetic acid 
(m/e 60). The primary fragment m/e 117 is obtained when C-1 
is acetylated and C-2 is methylated. The primary fragment 
m/e 161 Is obtained In low intensities from alditols methy­
lated at positions 2 and 3; when position 4 is also 
methylated, it becomes a prominent fragment. The base peak 
of the spectrum is m/e 43 C^^O). 
Peak 575 (Figure 25) was shown to be 2,3,4-trl-O-
methylfucose (Structure 2) by GLC-mass spectroscopy (Figure 
+ 
2 7 ,  m/e 43, 1 0 1 ,  1 1 7 ,  131, 1 6 1 ,  175). 
CH2OAC 
MeO^H 117 
( 2 )  
Fragmentation from fission between two adjacent 
methoxylated carbon atoms leads to the primary fragments 
m/e 1 1 7 ,  131, 1 6 1  and 175. The secondary fragments (m/e I I 5  
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Figure 27. Mass spectrum of peak 575 in Figure 25 (2,3,4-tri-0-methylfuco8e) 
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and m/e 101) are formed from the primary fragments (m/e 175 
and m/e l6l, respectively) by the ^-elimination of acetic 
acid (m/e 60). The primary fragment (m/e 131) is obtained 
from a 6-deoxyhexitol methylated in the 4- but not the 5-
position. The primary fragment m/e 175 is unique to 6r-
deoxyhexitols. It is obtained when the 6-deoxyhexitol is 
methylated at positions 2, 3 and 4. Again, the primary 
fragment m/e l6l is obtained as a prominent fragment. 
The peak 619 (Figure 25) contains two components: 
2.3-di-O-methylxylose (m/e^ 43, 8 7 ,  101, 117, 129, I 8 9 )  and 
2.4-di-O-methylarabinose (m/e 43, 117, 233). The mass 
spectrum of this peak (see Figure 28) identifies both 
components. 
The primary fragments m/e 117 and m/e I 8 9  are obtained 
from fission between adjacent methoxylated carbon atoms of 
the 2,3-di-O-methylxylose (Structure 3). The primary 
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Figure 28. Mass spectrum of peak 619 in Figure 25 (2,3-di-0~methylxylose and 
2,4-di-O-raethylarabinose) 
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fragment m/e 1 8 9  is given by alditols methylated at position 
3 and acetylated at positions 1 and 2. The secondary 
fragments m/e 129, 99 and 87 are formed, respectively, by 
8-elimination of acetic acid (m/e 60) with further loss of 
formaldehyde (m/e 30) or ketene (m/e 42). 
In the case of 2,4-di-O-methylarabinose (Structure 4), 
the primary fragments m/e 117 and m/e 233 are obtained from 
fission between a methoxylated and an acetoxylated carbon 
atom. The fragment containing the methoxylated carbon atom 
retains the positive charge. Three primary fragments of 
m/e 233 may be expected; 
CHoOAc 
233 HCOME 117 
AcOCH 
233 "117 
CHgOAc 
17 
(4) 
HÇOAc 
HÇOAc 
HC=OME 
HÇOAc 
HCOME HCOAc I 
HC=OMe 
+ + + 
C5) ( 6 )  (7) 
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(1) Structure 5 would give secondary fragments of 
m/e 201 and m/e 159 from 3-elimination of methanol (m/e 32) 
followed by elimination of ketene (m/£ 42). A secondary 
fragment m/e 173 would be formed by a-ellmlnatlon of acetic 
acid (m/e 60). 
C2) Structure 6 would give a prominent secondary 
fragment m/e 113 from loss of two molecules of acetic 
acid. 
(3) Structure 7 would form only one secondary 
fragment m/e 173 by g-ellmination of acetic acid (m/e 60). 
In the case of the mass spectrum (Figure 28) of 2,4-
di-O-methylarabinose, the secondary fragments m/e 201, 159 
and 173 are found. Indicating Structure 5 for the primary 
fragment m/e 233. 
The fourth peak (634, Figure 25) gave signals of m/e 43, 
117 and 233, with the retention time corresponding to 
2,4-di-O-methylfucose (see Figure 29 and Structure 8). 
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Figure 29. Mass spectrum of peak 63^ in Figure 25 (2,4-di-O-methylfucose) 
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The primary fragments, obtained by fission between a 
methoxylated and an acetoxylated carbon, are m/e 117, 131, 
233 and 24?. The fragment formed containing the methoxylated 
carbon atom retains the positive charge. Again, the primary 
fragment m/e 131 Is obtained from a 6-deoxyhexltol, 
methylated In the 4- but not the 5-posltlon. The primary 
fragment m/e 233 must have Structure 5 since secondary 
fragments of m/e 201, 159 and 173 are present. The secondary 
fragments m/e 215 and m/e l87 are formed from the primary 
fragment m/e 247 by loss of methanol (m/e 32) or acetic acid 
(m/e 60), respectively. 
Peak 647 (Figure 25) was shown to be 2,3,4,6-tetra-O-
methylglucose (m/e 43, 45, 71, 87, 101, 117, 129, 145, I6I 
and 205) (see Figure 30 and Structure 9). The primary 
CH2OAC 
HCOME 117 
161 MEOCH 205 
161 HCOMe 
HCOAc 
CHgOME 45 
(9) 
fragments m/e 117, I6I and 205 were obtained from fission 
between adjacent methoxylated carbon atoms. The secondary 
fragments m/e 101 and m/e l45 are formed by 3-ellmlnatlon 
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Figure 30. Mass spectrum of peak 64% in Figure 25 (2,3,4j6-tetra-0-methylglucose) 
l4o 
of acetic acid (m/e 60) from the primary fragments m/e l6l 
and m/e 205, respectively. The secondary fragments m/e 129 
and m/e 87 are formed by g-eliminatlon of methanol (m/e 32). 
followed by elimination of ketene (m/e 42) from the primary 
fragment m/e l6l. The secondary fragment m/e 71 is 
obtained by loss of formaldehyde (m/e 30) from the fragment 
m/e 101. The primary fragment m/e 45 is given by partially 
methylated alditols having a methoxyl group at the terminal 
carbon (as strong or stronger than 20% of the base peak). 
Peak 669 (Figure 25) contains 2-0-methylfucose 
(Structure 10) and 2-0-methylrhamnose (Structure 11). 
CHgOAc CHoOAc 
275 MEOCH 117 275 HCOME 117 
HCOAc HCOAc 
HCOAc AcOCH 
AcOCH AcOCH 
CH: 
(10) (11) 
The primary fragments found in the mass spectrum (see Figure 
31) of peak 669 (Figure 25) are m/e 117 and m/e 275. The 
primary fragment m/e 275 is unique to partially methylated 
alditol acetates containing deoxy groups. Since 2-0-
methylfucose and 2-0-methylrhamnose derivatives have the 
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Figure 31. Mass spectrum of peak 669 in Figure 25 C2-0-methylfucose and 
2-0-methylrhamnose) 
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same substitution pattern, they give very similar mass 
spectra typical of that substitution pattern. The small 
differences that may occur in relative intensities of peaks 
for stereoisomers are insufficient for unambiguous 
identification. 
Peak 741 (Figure 25) was identified by GLC-mass 
spectroscopy (Figure 32, m/e 43, 45, 8?, 99, 101, 113, 117 
and 233) as 2,3,6-tri-O-methylglucose (Structure 12). 
CH2OAC 
HCOME 117 
MEOCH 233 
HCOAc 
HCOAc 
45 CH2OME 
(12) 
Fragmentation between two adjacent methoxylated carbon atoms 
leads to the primary fragments m/e 117 and m/e 233, A 
prominent secondary peak (m/e 113) is formed from the primary 
fragment m^/e 233 by loss of two molecules of acetic acid. 
This suggests that the primary fragment m/e 233 must have the 
same structure as Structure 6. The primary fragment m/e 45 
is typical for derivatives containing a primary methoxyl 
group. 
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Figure 32. Mass spectrum of peak 74l in Figure 25 (2,3,6-trl-O-methylglucose) 
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The peak with the longest retention time (823, Figure 
25) was Identified by GLC-mass spectroscopy (Figure 33, 
m/e 43, 45, 87, 99, 113, 129, 189 and 233) as 3,6-dl-O-
methylglucose (Structure 13). The primary fragments m/e I89 
CH2OAC 
HioAc 
233 MEOCH 189 
HCOAc 
45 CH2OHE 
(13) 
and m/e 233 are derived from fission between a methoxylated 
and an acetoxylated carbon atom, The prominent secondary 
fragment m/e 113 suggests Structure 6 for the primary 
fragment m/e 233. The primary fragment m/e I89 Is given by 
alditol acetate derivatives methylated at position 3 but not 
at positions 1 and 2, A primary methoxyl group must be 
present because of the presence of a prominent m/e 45 
fragment. 
Evidence derived by perlodate oxidation (see pages 128 
and 129) agrees quite well with the methylatlon studies. 
These results Indicate that the complex extracellular 
polysaccharide Is composed of main chains of 1,4-llnked 
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Figure 33. Mass spectrum of peak 823 in Figure 25 (3,6-di-O-methylglucose) 
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glucose and xylose residues and 1,3-llnked arablnose and 
fucose residues. The branch points consist of l,3s4-llnked 
rhamnose and fucose along with 1,2,4-linked glucose 
moieties. The branch chains are terminated mainly by 
glucose with small amounts of fucose and xylose. 
Since no 2,3-di-O-methylglucose was detected among the 
partially methylated alditol acetate derivatives, the 
possibility of terminal glucose with pyruvic acid ketal-
linked to 0-4 and 0-6 of glucose is eliminated. 
l4 C. C Tracer Studies of the Symbiotic 
Relationship of Anabaena spiroides and Its 
Associated Bacteria 
Tracer studies have demonstrated that bacterial 
populations assimilate algal extracellular products from 
algal cell-free culture media (79, 100, 102, 103 and l48), 
although the specific extracellular product or products have 
not been identified. In order to test the availability of 
the extracellular polysaccharide of Anabaena spiroides as a 
possible carbon source for sheath-associated bacteria, 
radioactive extracellular polysaccharide was obtained by 
l4 growing the algae in medium enriched with NaH CO^. The 
radioactive extracellular polysaccharide was obtained in a 
yield of 4 mg of algal culture medium. A 1.5% incor-
l4 poration of the C label into the extracellular 
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polysaccharide was achieved. The specific activity of the 
extracellular polysaccharide was 0.25 vCi mg~^. The ^Re­
labeled extracellular polysaccharide was diluted 2:1 with 
unlabeled extracellular polysaccharide to provide a specific 
activity of 0.1 yCl mg"^. 
Two bacteria, Z-2 (Azomonas sp.) and Z-5 (Staphylococcus 
saprophytlcus), that were found naturally associated with the 
sheath of A. spiroldes were selected and cultured to test the 
ability of the bacteria to assimilate the algal extracellular 
lii 
polysaccharide. The release of CO^ by the bacteria was 
followed in time-course experiments. The results were 
virtually Identical for the two bacteria (see Figures 34 and 
35). Both bacteria assimilated the ^^C-labeled extracellular 
polysaccharide, metabolized the sugar units, and respired 
the tracer as ^^COg. The Z-5 bacterium appeared to be 
better able to use the extracellular polysaccharide as a 
ill 
sole carbon source. In both cases, the release of C-
labeled COg was low Initially but Increased with time for 
the first 48 hours and then began a gradual decline. 
Caldwell and Caldwell (l48) recently found that low 
molecular weight (below 1300) ^ ^C-labeled extracellular 
polysaccharides of Anabaena flos-aquae were assimilated by 
an associated Zoogloea sp. but were not respired. The high 
molecular weight algal extracellular polysaccharide was not 
found to be assimilated or respired. Although those results 
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Figure 34, Release of C0„ by Z-5 bacteria growing on 
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minimal medium containing C-labeled 
extracellular polysaccharide of Anabaena 
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are contradictory to ours, their study was limited to a 30-
mlnute time span. Initially, neither Z-2 nor Z-5 released 
lii 
C-labeled COg. It was only after several hours that 
measurable respiration occurred. 
In the study by Caldwell and Caldwell (148), as In the 
previously cited examples (79, 100, 102 and 103), the 
bacteria were collected on 0.45 ym membrane filters for 
counts of radioactivity as a measure of bacterial asslml-
l4 latlon of C-labeled organic matter produced by the algae. 
In only one case (100) were corrections made for surface 
adsorption of the Isotope. As the bacterial cells multiply 
and provide greater cell surface, the measurements of 
radioactivity may reflect Increased adsorption rather than 
l4 
assimilation of C-labeled organic matter when this method 
Is used. On the other hand, our method of trapping respired 
^^COg conclusively shows that the bacteria are assimilating 
the labeled extracellular products, A control run under the 
same conditions (minus bacteria) eliminated the possibility 
14 -
of traces of the original H CO^ being adsorbed on the 
extracellular polysaccharide and then released during the 
incubation period. 
Lange C99) has proposed that the voluminous sheath 
produced by algae is not attacked by algal-associated 
bacteria when other assimilable organic matter is available. 
In the absence of a more suitable nutrient source, the 
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associated bacteria would utilize the less desirable 
gelatinous sheath, markedly reducing its thickness and 
causing meager algal growth. It has been suggested (24) 
that the formation of the voluminous sheath provides a 
microenvironment around the algal cell where essential 
nutrients are concentrated and become readily available to 
the algal cell. 
In order to test Lange's proposal, Z-5 and Z-2 bacteria 
l4 
were grown as before in the presence of C-labeled extra­
cellular polysaccharide but with the addition of 4% unlabeled 
glucose. The results are shown in Figures 34 and 35 and are 
comparable for both bacteria. In the presence of a more 
suitable carbon source (.glucose), the bacteria no longer 
attacked the extracellular polysaccharide, resulting in a 
l4 
sharp decrease in the amount of 00^ that was respired by 
the bacteria. The sheath polysaccharide has been shown to 
be very similar to the extracellular polysaccharide in 
composition (see pages 8l and 95). 
In natural waters or cultures where low levels of 
organic matter are present, bacteria may be forced to 
utilize the algal sheath material as a carbon source. 
According to Lange's hypothesis C99), this loss of sheath 
tends to keep the algae in an unhealthy state. If an influx 
of organic matter occurs, the bacteria would no longer feed 
on the less desirable algal sheath polysaccharide, allowing 
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the algae to regain a healthy state. Under these conditions, 
the blue-green algae could utilize for photosynthesis the 
abundant COg produced by bacterial populations. These two 
factors (a voluminous, healthy algal sheath and high levels 
of COg) may be determining factors in the enhancement of 
algal blooms. 
From these results, it appears that the control of 
massive algal blooms in natural waters requires not only 
reduction in phosphorus and nitrogen levels, but also more 
emphasis on the removal or limitation of biodegradable 
organic matter. 
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V. CONCLUSIONS 
1. A direct relationship exists between algal blooms 
and the composition of the dissolved carbohydrates found in 
their surrounding waters. The algal extracellular poly­
saccharides are a major contributor to the dissolved 
carbohydrate found in natural waters. 
2. The composition of the intracellular, sheath, and 
extracellular polysaccharides of A. spiroides is 
qualitatively the same but quantitatively, the three poly­
saccharide fractions are quite different. 
3. The extracellular polysaccharide properties of 
high viscosity and pseudoplasticity, as well as stability 
to extremes of temperature, pH, and salt concentration, 
make the extracellular polysaccharide of A, spiroides a 
likely candidate for industrial applications. 
4. The extracellular polysaccharide of A. spiroides 
appears from sedimentation and viscosity studies to be a 
very large and complex molecule. The branched hetero-
polysaccharide is composed of rhamnose, fucose, arabinose, 
xylose and glucose in the molar ratio 0.7:1.1:1.0:1.7:1.7. 
It consists of 1,4-linked xylose and glucose units and 
1,3-linked fucose and arabinose units. The branching 
sugars are 1,3,4-linked rhamnose and fucose and 1,2,4-
linked glucose residues. The major terminal sugar is 
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glucose with smaller amounts of fucose and xylose. Both 
a- and g-linkages are present in the molecule. 
5. Bacteria associated with the blue-green alga 
A. spiroldes can assimilate the extracellular algal poly­
saccharide, but they selectively use a more suitable 
carbon source when it is available. A possible deterrent 
to massive algal blooms may be removal or reduction of 
biodegradable organic matter from wastewater effluents. 
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